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(jl (jLoui]! ^Lajl .i*J 1. ^ ill 1-111 i^_ya dll^ljjJ (jc. (."vW'n (jLowi]! lik 

ojjUa]l ljLoi^j c V ^jSLous o^Ua]l <i_^>a-a cs^ _jAl (jj^ 

. (j;}*-« 


j jUdUvtj jiUt 




A J i ojj^l siiA 4-llj^l j-a f.liljlj ClLaS 

<LIa ^J>>>'_j-all (j>i» J (—Mill (j>i» J ^-<s cCllla-aL^l <jai.ijA 


(_]-ajJu j , ^joi jjll I 1. ^ ^jjJal (_pa*J ^jJal j . 4-j-aAV 1 

.aILoV^J (JjIjouiII 1 f.liljVi 

: jLuaii,Vl 

<^ <—jl lJj , 1 ^ 'l» <'^Ij (_s-^ Jj.^aj]l ^ 

Ajij£j ^LojaVI (jj-^ o^jjJuL^ ^l.gjj( ^!>L*J1 f.Uac.j dJjL^ i."n^ JAjjJalj^l djlaliliiVi 

_ jJjJaSl Ia jl L)^ jj>^aill (j^i» J dl^t.n'i-^l La£ ■ W;J^j 

i."ll~^ 11-11 .^^11 Lai , ^jlS-aVl A-a^jp i. ^ lll^ll ILa i^jjh AjjAijI La (jl dlljL^ 

^^^1 (."llilLii.-i.all A^ ^jj V I—ajai!>U ((_j^aji^a^ILa ^ t"l<1,'l^^''unl Aji.-»>.-i-^'ill 

(J£ AjL^ A-ajla A-a^^^l ll ^l!-i>.-».all l^AaJC.1 (_ 5 jll A-a^jp]l t ^ n^l > n cdlLlj 
jl jilll aJ^ (."ll^llii.-i^ll (_><a3U ^jJal ^ ^al*il (j^ . " (."ll ^lli>.-».all A-a^^ A-ajls " 1 g j< m nLnj 
^!>l£il (jjiiij . (j^jS (j^ (_g jjl-^'iVl (_L^VL Igl* nlj IgJ-a^jp (Jj i"i.'‘ll^lLi>.-i.all A.,a^jp A-ajlS" 
0 ^ lilljA (jj^ La-iic. jl cAjjjl^Vl A ^Kll (jjS^l ^'i»,^ll (_ 5 -la*J V A.,a^jj]l (jj^ La-iic. 
l^ A-a^jp Lll.XaJC-1 (_5L11 (."ll ^Kll a^^jjoill (jj>aj (JatSl LLj^lj cA^^)*Jl A-al£Jl (Jjjiil Aj^il-^'il dlla^l^jx 


i^jriL^Vl 1—il 


4 u' 0 “j'-^' 


A-a^jp A-ajla " 
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LJajlj ( - lij — 'iV' (_^ 

, (o^lc- (_gjjl->'iVl ^^_^lj) LgJjli.1 (jc. 

. t'‘il^ll-i>.^^llj - o^j^l l-il yj)\ <iljJaVlj 




0^■ 4£-<sV^j (JISjujV^j dlV j (JjLouJIj CIiIa^^1 

3.3 (_Hj.ii' j1 lafla (_gj*j 3.2 (_^j.21 .i*j 3.4 ;_>ilj.21 l.a.ijC. IjJ C^U.^V' Ljlj£il ^ 

, l^A l.i_j-a U.“4 


;(JjVt J^ 4 ^t ^ Sjj^La) kjiSLi 

(J^l (_^ .o^Uai] A^ljj.21 (_)^lj.^aiJlj AjjljaioiVi LS^ i-jIj^I lik 

aILoI <Jajail yl \ ^'ll 1 J AjjoiLuiV^ ^i^LLall ® -3^ • J 

. a1 j1~.. <1 


aliliVlj j 'l<' 

1 ^ 'l'X\l <.a.^La y‘ ^ 

CH J^' 


2 

jj^j^'j jjl^' (»^ 

Systems of axes & notation 

o^LUL 4llw-a]l ^jLa-a]! 2.2 

(body axes) jj^ 2.2.1 

(<.i^l^)iljaiVi jjLa-a j] jv ^j4 ^jLa-dl 2.2.2 

CllljjilLa 2.2.3 
o^Uai] <jjp-a2.5 
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2.5. 

(mac) jjjii jjjVI ji«ii' 2.5. 

(smc) jjjii Jajoiji21 2.5. 

<^1 2.5. 
(eg) 2.5. 

(tail volume ratio) lJj^' j (tail moment arm)2.5. 

(fin volume ratio) jll j (fin moment arm)5iki jll 2.5. 

(controls notation) jj.aj 2. 

(."il 2.6. 

a\[j 2 . 6 . 

3 

Static equilibrium and trim 

3 . 

■ Vg » n"i 3 . 1 . 
^jljSjjoiVl I—aj^>ia 3 . 1 . 

3 . 1 . 

^jljSLoiVl Lliljjia]! 3 . 1 . 

3 . 1 . 4 . 

3 . 

(j' 3 . 2 . 

jji] jll AjJj 3 . 2 . 

jJall Anl'lMiVl 3.2. 
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3.3 

i."il ^ ^jljSjjoiVl 3.3.1 

o^)^l t"!! a 1\^ Ajjj\j)llxj^\ 3.3.2 

>L.V1 ^:>U 3.3.3 

Aj'il'uiiVl 4ji'll-^11 ^jl^jSLoiVl 3.4 

A^L^VI ^IjJalVl ^jl^)SljalVl 3.5 

4 

Equations of motion 

AiiLala 'o^Ua] A.£^)ajl lL^ Ajua 4.1 
^pirn'll! 1."ll 4.1.1 

^Ull 4.1.2 

A-al*Jl dlVAla-a]! 4.1.3 

A-MI j» j jc. J ci j3 4.1.4 
(lineaized equation of motion) ^jaJ] Aja'^JaiJdl cjV.iU-41 4.2 

(gravitational terms) j.ia. 4.2.1 

(Aerodynamic Terms) ^lA-^ jj:jV' j-^' 4.4.2 
(Aerodynamic control terms) tijU^aJLdl .ijoa. 4.2.3 

(power terms) Sjja]! j.ia. 4.2.4 

sj^l ;£j^l cjV^U.0 4.2.5 

^jllLc:)Ul cjV^U.0 4.3 

^j=Jl cIjVaU.. 4.3.1 
^l^yi- ^Udl 4.3.2 

5 

The Solotion of Equations of motion 

lMI l3> 5.1 
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o^Ua]l djljljjsl 5. 

AjLaioiV ciiljljpal 5.3. 

(Jjj^^l djljljpal 5.3. 

il <j1 5. 

^jLoul] 5. 

(Jjj^ djljljjal 5. 

^LaajoiV 5.7. 

iS ^‘‘'V 5.7. 

jLoix Ajjl^ 5.7. 

6 

4.1?^ aia^t b:jLulli.^t 

•• 'V •• •• 

Longitudinal Dynamics 

ll <j1 6. 

0 jxa-a]! 6.6. 

<.1^1 jijjoiVi iaLajl 6. 

ojpi]l jj >Ljijilll 6.2. 

(phugiod) -k-uil 6.2. 

(reduced order models) ^6. 

ojpill JaAill 6.3. 

(_5jj. 21 Ixaill ‘-rUjij 6.3. 

7 

A.nU'vH Cjta4Uj.^t 
•• * ••* • •• •• 

Lateral-Directional Dynamics 
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il 7.1 

7.1.1 

<jxljj.i]l <. 1^1 jijjoiVi iaLajl 7.2 
JaAJ 7.2.1 

7.2.2 

<_Sjiaxll JaAJ 7.2.3 

7.3 

(_a jIitH JaAj 7.3.1 

‘-rUJ^ 7.3.2 

<_S^jJaaJl 1-1.«'ll i..^^)2lll 7.3.3 


9 

stability 

9.1 

^jljSLoiVl <—aj^)3u 9.1.1 

A^ljj.21j Aj'il'iniVl 9.1.3 

^1 9.1.4 
■fl jjla-all 9.2 

<3ul^l ^-4^ ^jl^)SljalVl 9.3 


13 

^LiaILJjjjVI ^jljiluiVlj 

Aerodynamic stability & control derivatives 


LlaU,vlAll 


1 (_3aXall 

t"''9*1 Ml .a <— 
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2 

(body axes) jjU^ au/iL cIjI jjLLI] cIjUI jial 


3 


j ciul j^l j ciil^j]l 


5 

^Ijj ^ 1-T^ ^Liaj] Clll^ljjJ 

The Dynamics Of Linear Second Order System 


6 (3^-fdl 




7 t3^' 


j (_ya Aj^ j ^ 1 j ^\ 


8 

(_ya L^jLja-aj 
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2 

Systems of axes & notation 


u' ia^Ual] ^ jLaj j A.4^^1 (J(_J^ 

dl'^ jLat-a (jliliil (jS-aJ j jA I I JA . ^ iLaill a (j:A^ (_>joLuoI ^iJaj 

' >■ J (jli 5 CIluj Clll^LIa]l (jl Laj . ALujIaLu j Aij^)iaj Altd 


Ala^^yJI dll^atJLall (j-a J.23U ajlfr i. ^ ^^)^l (jli ili] . Ij-ad SLxa 


, <_Lujld 


SjjUalL 4"inall jjl'^all 2.2 

(body axes) j>—^1 2.2.1 

{o Xf^ yjj Zj, ) jjl-a.>4ll jaUaj jAj . lilJ^J a jjUallj ‘"'j"'-*' ^liaj jii J 

(center of (eg) ^jUJI ujSj bjIc. o jjU.a]I jSj.a. 2.2 JS2i]l ^ 

. gravity) 

(^jjljUuiVl ji jjjjil jjl^ ji) A^LLjjjjVI jjl^l 2.2.2 

> is 

4£.^).uJI a ■y'la t^jljJ OX ■"II J J e^Uallj A!liLa]l ^ --'ll ^Uaj id^)*j ejlc 

(wind ^^1 t(_JjLa!La]l (jljjia]l , 2.2(_JSd]l (lyf^ 1-^ Vq 

oyb jj^' jjUJI jjii cj^ ‘^>^1 jjl^ 4dd ^ (o y^ zj) axes) 
ox^ jja.JI ta^ (steady incidence angle) jaiuaJI ^>aaiaJI JajL^ ^jl jj 

tjjlj;^ I_a^)ia (_J^ OC^ '^‘"•^11 Ja^jLuj AjjI_^ ^ y'>-J Aa^ Lajlj i^LiA, A&^).uj]l Aadi] (^_)lj-a 

. — 10° ^ CC^ ^ 20° (jJJ ajlc Lgia^j i (jl djia (j>j i. d'lA'i I g l‘^l 
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2.2 




-h V V -6 


Fiffiire 2.2 Moving axes systems. 


^pl^\ a\ 2 . 2.3 

^ 1 j a .li 43 ja a^LIa]l 4$^)^ 

4i±Ltt aJULA 4j.uaj]lj diL^jij (. 5 ^'j ‘ (attitudc) 

0^) j a^Uall ^1 ^_ya^ykj ^ (J‘ jj 

, II /'ll 4&^).ua]lj OC^ Ja^jLuo 4jjl j (j,3^ La^ifr (dulj ^liujl 

u'j:}^' ■ 2.3 lJS 2JI jA US W'^ jV^jU^ CAAja I gUU'l 

^jj*JI j J (equilibrium) jjl jj ^U. SjjLyi jjSj ^ jUudl j^ jiUiJI 

(j jl jjll ajlfr 42 IUj'^I L_al^£. j-a^-aj 43 jU!U a^Uall a jj^aII 

. (trimmed equilibrium) jj^' 

... ^ 

^ uUi ^j_)5dlj (jli jjll 4jjcJaj (jA ajjUall (disturbed) Jalaj UajC. 

(js.''^\i ^ 4ii^l diljjauA A^Xi (transient) a^Ull 4Sj^l L_a^)*jj 43 jL»1a 

. 2.1 Jj3^l ^ 4 . .n-sU j 2.3 
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Figure 2.3 Motion variables notation. 


2.3 


lo 2.1 Jjo^l 


(Perturbed) 


Trimmed equilibrium 


oz 

oy 

ox 

oz 

oy 

ox 


Z 

Y 

X 

0 

0 

0 

a 

N 

M 

L 

0 

0 

0 

^>11 

W 

V 

U 


K 



r 

q 

P 

0 

0 

0 


¥ 

0 


0 

e. 

0 

(attitude) 


sL^I L9.1jc. j-a (, ,,, j 4£.^).uJIj a_5^l) dlL^^yj 

4£.^).ua]l J ^_^l) dlL^^yi] <—1^j-21 sL^'^l .1^ 

(jjSj OX jj^l J(roll) i-ajiaxll (.J (attitude) jl'j 

oy (Jt (pitch) ( oz oy 


(Js-p(yaw) ‘ ox oz j uj^ 

(Jj^j L_a_jia*JI tii] . oy JJJ^ ox UJ^ OZ 

J (nose) ^liijjl jA <— p.j-dl (jl^)iaiJI ^Li^l 

. jLliall (_]j 3 (jx .IALuLu LuS (jj-a^ (nOSC) ^.iLall pp.pall 
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CllL^^)-a (jl . 2.2 (J (^ UrJf^ dlljjilA] l-j■ -'j >■ ii.^j 

I dL^^yjJ ■ “■"11 (jjljj]l dL^^yj ^^_^Ja*J (jj , V^, ^jl^ll <jiaiJI <lilLa]l 

lil . {u,v,w) Ji\^\ 


U = U^+u' 

y = y,+v > 


2.1 


(perturbation variables) jrJ*^ 2.2 Jj^aJI 


(jjjllj 

jlLuir ^ -"11 a j^l 

X 

(side force) ^U3I s j^l 

Y 

AjJ_^a*JI a j^l 

Z 




^j 3*^^ dL^^)-a ^ 

ujj^' fj>-j 2^'^' fj>-j 

L_a jl->* II 

L 

(jl jiaiJI ^j& 

M 

^Ijxj'^l ^jc. 

N 




AjjI^^I dl&j.uJI dL^j>j 


P 


q 

^l^)*j'^l 

r 




^ iKII ^ d-i.il A£.^jjjJ| dljS^).a 

(eg) ^jl-aJI 

<Jj_ji-a]| A&^)xdl 

U 

Adl^l A&^).uj]l 

V 

AjJ _j- 4*JI A&^)*dl 

w 


(4),e,y) Ujjii J J ajji^ (perturbations) dli^ila^l jjSj Udi : 


p=‘f’ 

?=#■ 
r =HiS< 


! <Jl!i]| dl3l>l*JI (J^jiald i 0 jjai 


2.23 


SjjUall >«il 2.5 
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(j-a , ^ jia>■ ii.^j 

Jj.iiJ| (_Jjl3 J.2*J o^LIa]l ^j[La ‘- ‘° ‘ ^j Uul (j>j (jl j3a]l dll^ljjJ 33^"' 

2.9 3^(_5^ ^ 'J‘ '-^j' '_ a_j.uj 



Fifiure 2.9 Longitudinal reference geometr\\ 

Ajjia2.9 iJS.i3l 


2 . 5.1 

(_J^|j ^3^^ AjLa^'^l ^jj.uia]I A^Lui3l ojlfr A^l .M.a\l 

S _J 3^J:iJ ‘ a^Uall 

S=bc 


.^Lj^l JJ^ ^jLixaII ia.ujjJLall c J ^Li^l ^3 b 2 Lu 


(mac) jjjii ioMijlal] 2.5.2 

_j aJ >jjjj (mean aerodynamic chord) (mac) jjjB -5=^ii3' 

i_aj*jj c 

_ j cj Jy 
j c,,Jy 

J-5 ' 

LaS AjiS jM (j>j C ialiujlj a^LIal] ^A\I maC _SI ^ J-a J.lij 

.ixj mac_1 ^.ialall ^UJI (jjSj (swept) A.a-i^3J 13 . 2.9 31*31 ja 

jj ^jM lJIaj mac jj j ^3131 ^LaJI (* 3 a) 
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J mac tajlfr . a jjUa]l ij^ ^ l5'^^ (Jj^"’ 


. ^Cilc. 4^ljjjjI QA ^2x31 ^^^"'3' j ^I diLuol j 

(smc) jjjii (^j3:«-*i3 IxuujIaI) 2.5.3 

jA (standard mean chord) (smc) jjj 3 (^jLi*-dl Jsluj jldl 

<jjluiA3l ‘^‘'X " J'^ ’•^31 4ij ^^j . c _)>J^3j <3 JM lSS^ j!iA3l 

! <l]3..ii!La3l 


.2.29 


£ ‘‘y 

Sic. j-dl jjj3l jA c^, J (semi-span) ^121 l_L.^ s=b/2 ciu^ 

! 2.29 ^j3ji.ij i(jj!lu4A3l 31 ^3 i-v33 , y 

.2.30 


5 

c = — 
b 


j_^3JI <jl3 ya QA C 3-»3 a..3 \ a jj3Ja33 3-.-i.3l ^*'^^-»3l SmC 31 ^ j-a J.lij 

smc 33 ^.1^1 ^UJI (jjSj aiLaJI I3i3. mac 31 <»-iia3l ^jidl 

QA jj j33 (J‘^°."3l ia.ujj!La3l jii smc 31 . ^3j^i3 jj_j 33 4..a.li!La3l 4i3.aJI (_J^ 3 - 

smc _31 Cljl^3Ja3l -lin .^3 .a^3Ja3l ^jj-a^-a ^ 3-.3 ...jj Ja^jj Cljl^3Ja3l ^ (_Jj3 

(jl ^32i3l QA , cLl-IjIs 3j3.ac. 3.-aA ^l!i33jj ^j J_jia3l 3.^^)^ ciL^3.>ii.a mac j 

i.l}^l ^)-a'^3j (Jjj 2 1.^ . .2j..n'q.a3l 3.agjl UJ"^ ^ ia*JJjJ-a ((-JoS) ^.^l^).a .1^ 

jj_j3l itd33 ^A i jjiai. (jjSj 3.-a33 ^ 3-<3 -S 31 jp^1 jj.^ljjs'^l QA ^lj31 3 3-.-i.31 jjl Q/i ^ 

. ^ jSaJl -^.laj (jl (Jjjiaj j_g\ ^ ^.lil-uj-a31 (_^Ji^^)-a31 

AomuII 2.5.4 

(AR jl) A_ 1 3.^ ‘'Cic-3.21 <j33.aj3 (_>jo3jLa a^3Ja31 <^3.21 <j...>u31 

! (_^l!i33.S I—a^)*jJ 


.2.31 


A- — -- 
~ S~ c 


(eg) 2.5.5 

i^x^jaW Jl j31 Jc. aAc. ^ Bjj3Ja33 (center of gravity) (eg) ^jUJl Jija 
i h —J <3 jjj i ( c jl) c ij)A Aj-uiiS cJl^)XJ . 2.9 CJ:^^ 
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a jjLIa]| (lOclding) i ^jat'n Cg ^ J-a . JM ^..lil-a]l 4iLiJI (jx 

. 0.1 < /z < 0.4 ti' ‘ C (>a %40 % 10 jjSj ojI& Jji^l t 

tail volume ratio) Jjill (tail moment arm)(Jjiil g^ljj 2.5.6 

( 

(j^ jA LaS mac <*i ja sj*:J rnsc II 

j£l^).a]l ^1 '•^11 j cJjill ^CbaljjJ^ j 3*^^J L5_J^I J ■ 2.9 (J^‘'‘‘ll 

cJj'iilJ ^1 ’•^11 mac JMJ^l ^ ItiVi (_ 5 ic- u^-*^ (jljl]lJ iLa^ JJj'^l 

j^jaII j <^jl.^l jSj-a (j^ jUI <^LuiA]lj L_a^)*j Irj, (Jjjll ^jc- ^Ij'^ . J^l J^l 

l5j 4*(,5^ Vj. (Jj'^l . 2.9 2^‘'''II UrJf^ 1-^ (J ,*^1 

— V / 
y = 0- 

5c 

J 0.5 ^ Vj. ^1.3 (j^ lJJ'^I ^Ca^ ^ ^1 *M<a Sj Cj^ 

.<jjlja!luj| oIjIS cJjmI] jjj'^l ^f l °^ll (jjoLiLa 

^_^l L>“ld^ UmI l.all (j.a — j»S^j]l J <Jjl jailuj'^I dlLuol jJ L.aj — Ijlj^l 
^j& ^Iji] ^LaJI sMA ^1 '•^11 mac _^.al nJJJJ^^I j^J^I lJlJ^'^ jlall 

. (_]jm]I 5L^ ^.l»..a J i 2.9 2^‘'''II 1-^ ‘ 4 ^ cJj'^l 

fin volume ) Aiit jl) (fin moment arm)Aijfr jll ^\jj 2.5.7 

(ratio 

. 2.10 JS4JI jA LaS (j^ljll JjmII) (fin) jl] mac _3I 

4^jl-^| jiall ^LuiaILj I—a^)*j <ajc._^l j»jc. ^Ijj (jlj •(.5^'^I cJj'^l 1-^ 

Vp <ajc. _^l <lkaj . 2.10 2^ ''''ll 1-^ <iic. J J Jj'^ I j^.J^I J 

_J L_a^)*jj AjjJLaj^ 

y - 

5c 

A^ljjJjjj'^l a^li^l (jjoLjLa l]j 2I t4^lj S p ‘—1^ 

.<^1.^1 <jjlja!lujl oIjIS 
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1 'i J i/\\l t(j^ Ijli LuS 

<iic._^l j»_)c. ^LiJI sJA 1 ^ .^LiiJ] m&C _ii <-5Aijc._^l (_5^ 

. 2.10 J^l ^ (jjf^ J^J I j- ^ _>*J:i 



Fimire 2.10 Fin moment arm. 


<ajc. j»_)c. ^ I jj 2.10 2^ *'''" 


(controls notation) Ci U< ; VioH J>»j 2.6 

2.6.1 

^2^1 j t(pedal) j2lj (stick) L-a*JI 4?-i.uljj SjjUallj jl^l '-<^2 
' .^»11 ya 4.^1 jl La^xJI (^ 5 -Sc- a j3! (roll) (i) 

(lJLuj i^\ ) 2iuo!>U j^\J iyJ^\ (Aileron)^4i?Jl 

i_a_jiac.) (_Jiuo!)U ^Li^l 

' ■ '-<■• J-») '■ 4^1 jl ^= ' ■ '-<■• j>j t _ a^ i (pitch) (ii) 

A-aSLa ^lijjl <= (s-lkuj) (elevator) ^jaUil ^LaJI <= 

(t jijiai.) ajjLyi (nose) 

( 4j^j> 9 4^1 jl ^= 4.k;olj2] 4 j^ j-a Sj3 :(yaw) (hi) 

^SLt <= (s-ikuj) o^\ ^2] 4jal4ii ^UJI ^ (rudder) ^21 (bar) 

(l_J ^yA ^l^)»jl) (jJ^aJI 4^2j a Jjiyi 

_ya^J j2l j_5lc- 5^ J 8^ J y L_a' .^*11 dlL^I jl 

C jn _ya^ 4i2l J ^1^1 J dlL^I jl . 8^ J 4i2l 4xul jJ 4^1 

(2a 3U f'' " (j'^ — 4jl I ^1 1 _ '-vj , 2.11 2^ (.5^^ (.5^ 
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^JsLujjla lie. iJg ^ (act differentially) jja Sjj^ 

, lillj Jailj § ( JaiJj ^ ( IjjI JaiL Tj t ^Lui^l JaiL ^ i <ia^^)Lis 



Figure 2.11 Aerodynamic controls notation. 

i"'' 2.11 2^‘'^’" 

tilj^>dL 2.6.2 

. (throttle lever) ^3^^' (£ ) ^'J. 'C ja-dl (thrust) 

. “ ^LaSU lie. (j^jSjj — j>j 4.^1 

>dl J£lJ paII 2.7 

^daidl (center of pressure) (cp) Jai.ja]l jS>a 2.12 ^ jlL 

a jail ^ Wa ill lJ^ ajjlia]! jl ^Li^l jl ^ .al n J 

j 4 £.^).uJI ^.2j-a& (Lift) (.5)) * 2 '^ ' '^ 1 ^ . F ^Cj-aljjJ 

(jjjij. ^1 jjll D J L j ‘ ^'.£•^>*21 A^iLal j-a (Drag) ^jlLa 

. jjI jSj-a ljj2 ^ u.^j J mac—II cp —II 

cp II ^ J.a . JJ j]l ^JJ Jj ^1 ^ ajl& ^iaLal] Cp 11 

<LalS a^Ual] Cp 11 (jl Ja^yU (jl ‘ _ . (J£..i]l j j*Jl>g II Ljl j] (jl jJjilS ^jaelj 
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j t A {h^C ) “CIjIj (j_)l C5^ 

. 3 J Lg-JjaLiiuo 

A Wa i\l Aic ( ni3.C _ il (. 5 ^ ' ‘ ^3 <Ji3l J <A^ 4j» Aiakj ii.lj (j^l 


, A Wa ill (Jj»3*^ ^ ‘ ' t ' g *' (_ 5 ^ ^ 0 

(jl^)iaiJI ^_)C. (. 5 ^ ni3.C_C 5 ^ •^^■■' A l-a'i UmiI (jl ^1 


aerodynamic ) (ac) t 5 -^ f^j'j ^ 

c / 4 jMjJI ^Jaij — ^j3 uj^ J ~ (. 5 ^ ^La j»l3jl -lic-j t (ccntcr 

J!>Lk ^jA klA Ljjaj ^ ac —II . (2.12 l1S2i]I JJ) . 


A Ua 'K A Wai\l Lijli i aC (Jdijlj jjl^jiaiJI ja_)c. j i A ij» /i jj| jjia i—j 


jjl jjjal] ^l-a ^1 ^^)*-a ^11 (j>j . <Jjl^)a!luo'^I j ^^^"'1' dlLuol 

.cl'l iya UJ^ j' ^ l3J^' u' J:}^' i^J “—diJ] A aC jli 

^JaLall jjJ aC ^J-al (jlS (_^Ja*-a]l ^ ^1 'JJJJj'^l _i^,^>*^l 

o^pSj LjajI ^Liii] mac 11 ^oiaj-a Ija i(j^ . (_^ljjj jjj'^I 

. ^dl (jA j/'<ll (jjj . a jjLyi ^LiaJI ^ j)Xi->.al maC II (^Jc. ac II ^^j-al 

(jl (jS>aJ B^Uall ^-»tM7>- ^Li^l ^■"! a.''i»^ll dll^ljjJJJj'^l (jl (_5.3j (jl ‘. 

. IJ^ <j& 1.1^ (jjSj (j] i JJjll ^ ac t5-^ 



Equivalent model ,. -j- j ^ 


Flfiiire 2.12 Aerodynamic reference centres. 

<^ljj J J JjI ^J»7>^).a jSI 2.12 2^ ‘‘‘’ll 
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Dynamics 


Aeroplane 

a^lia 

Aircraft 

o^lia 

Axes 

jjl^ 

Axis 


Center of gravity 


Steady 


Incidence 


Incidence angle 


Perturbation 


Attitude 


Equilibrium 

uj'ij 

Trim 

^'jj 

Variable 


Fuselage 


Span 


Chord 


Swept 

Sloa 

Root Chord 

tj JJjll 

Tapered 


Aspect ratio 


Tail 

djj 

Wing 

c'^ 

Fin 

4ijc. j 

Fongitudinal 


Aileron 


Roll 

L a ^l^r. 
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Yaw 


Pitch 


Pedal 


Stick 

L^aC. 

Rudder 


Aileron 


Elevator 

^ilj 

Planform 

^ 1 ^ 1 1 ii ^ 1 

Moment arm 


Thrust 


Center of pressure jS ja. 

Airfoil 


Trimmed equilibrium jj uJ y 

Lift 


Drag 


Aerodynamic center 

Angle of attack 
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3 

Static equilibrium and trim 


3.1 

< >'' 3 . 1.1 

a^Uall i"'' (Jj.'m'ij jLiia]| (jl jIIxaII (j>j ^jL*JI (jl i—a 

(jl t5^ . jlli-all (jljJall L_a^)]a SlC. ajjUa]l ^IjJ i"'' liljj .lie. <jl f j 

^ j iS^J AiaSLa^l 4j«jl!La ^y^jJa jLliall 

lJjxj (trim state) jjll j t (trimmed) Ja ^^a^ SjjLyi 

djI^Uall ^J.a-N lj] .' l^g"! dll^ljj^l I—a^>Ia]l 




. ^<jij^i <31^ lJj-^ (_3f.jiA3i (_3^>la 

t(trim tabs) j_)^ 'g^■dlj ^1^1 j 

ojl^l (_Jj 3 (j>j ' g 'j ‘ <-ljiiLuolj — dll^Uall (_JS J 

<jj . jI^)a1ujIj (_Jj2*ji3 J oJ J_)* elll jjUall ‘djaji . (jl jjJall 

ilAuC. .<jl j_j3l .2*J ji-9 (_5^ (jl ‘. duis ljj ij^jjoiA O^Uall (_5^ (jl 1 ^ 

trimmability) jj cLLilj3l jjLa.A3l J^lluj'^l ^jljaluj‘^1 

cJlxilj <^lxuo'^l ( lil .ojj^ s^dal3l( 

<jjl^)a!Luj'^I . (jjljj <31^ a^lia3l (jl (j>j ^^'"^33 ^j^‘3. ^-^.3' jj3l 

^ 3a3(i3 4j«jl!i3l (transient) ^Gay-dl sj tljuia aa^a ' ■ 4j^3 n^l 

■ ju' JrJ^' ‘—“ J 

■uj'ij s^lJa3l a jjy-dl ^ ja3l J ^ J_yd3 J ‘ <jl dll^^l i. 'iM\ 

I_ajl-i»31 J AjJ_ ja3l A^ j_5j3l i_a^)ia3l i_^\ 

(j j_ji3 ^^3 a3 j3.ku.a 1 _ ^33-■^l.^ I l^jaj ajl& I. ji3l (Jjlju . \ g J 

c1j!iA 3yi3()3n ^3 uj'ij iaj^luiA a^3Ja33 (j3 . A.aj3J.4i3 ^^3 j 

aS^)^ 3 . (turbulence) a^3 _j^ 3 ‘^ 3->. >»v i (_jLa a^j 3^ cii3 j\ jLiia33 (j>j '^^^"^31 
o^)i1uia 33 a jj3Ja33 . A^3jj^3 ^j33 .^a i ^j>j A3aia33 aiA (_jLa3 A»jti33 4Jlajj'^3 

.(_5^)^3 a^)<a (jj3 jj33 3U3^ J3 j j)»Jlt.M 
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(jljjiaJI dll (jxljJLa ^ ^^1 j_j]l (jjljj]l <ia3La-a]l 

jLui-a) ^jljj jl) A£.^)^I (_5^ .XiiJ»jj <!luJI <J^)^I dL^j^ <j.ud^l 

(jlj La (jl jjia JjAiJI sLa Jjij ^>a . Cg ^J J L?^Jg " J ( 

j.ln ^ LaS A ia> (."umjI o^Uall ^l_)j ^ -ag .a (ia^l jj-uaiJ , ^ ' ■ di ^| j^| d!)lj.iu 

— ‘ L?^JC " (.5^ ^^^Lda A^ljjJjjjl (j^‘l 1 ^ Li» J II (_JiLo!La , (_5Jj'^l 'LIa 

<dL^I- <jl j^l d!)ljJju ^iLd . ia^ _jia]l <jl j_j]l A a^ ^11 J‘ ~ ajlfr 

. !;LLa <La dl£^p^l (^■ia.j ^ _ 'u..j JJj'^l c^Liu]l ^ di ia^ 

idjL.»ll jpdaj J idl^Uall ■" AjiMj-^ji A^ld'^l- <dl.^l ^jl^)duo'^l 

(tend to weathercock) jLdj!>U J^l ^1 jxj'^l j 4ddS/l sjjUall <ilL 

i-^IL/'"i <jjtjjia]l dj^)ia]l IL] . (_5^)Lk^l Iga> dj ^dl j La.2jc. ^^1 

dl jjsu (J‘ Ladic. ‘ ^ ILa . jLiia]l jpj (J^Jj jjjJ (_^l-dl- ^ j 'I jjjl jj a^Uall 

. J jM (_]l j La a^LIa]l (jiLaJ j)'^ t^iLLa ( Cg ^(_JSd]lj 4£.^)dl “Lla_jiXa 

_j]a]l <jlj^l ^ i^j J.J^ ls^ cJLa ij)^ 


4£,^jdl f.l Lir-V ^^1J ^1^1 ^jl^ jyjl j[La (Jjdj (jAiJaJJ A^')l _jia]l <jl j_j]l 

Lia^ (jjl jdll (_5-lc- (J‘ ' ■ Ly*^ a^LIa (_JSd (_JSd] kj^jlLuall jjl jjiall ^ jjlL>^ll 

^jl^)iLuo'^l (.5^ di*j <jl j_jl] ^aSd]l dl j^Lj J _j]a 0 jiLui/a a^Uall dulS I jj 

(j^jSj (jl I^a^dl (j-a3 jl ^)<a!lujlj jjida (_ 5 -j'^ _jia]l (jl ^jL»ll i_a^)ia (j*^ . A^^ ^jiall A^lda'^ I 

■ ^.^jc. (jS>a>a ^1 j_j]l (jjljj]l 


^jl jSloiVl <-«Jjia 3.1.2 

(jjljd]l d^)ia Jl ^a jLIall (lJ) ^ a■ d ajLIal] A^LLuj'^I ^jI JIuj'^I 

^ a.^"! t(_ 5 ^)^l A^lj (j-a t<^ljj.l]l Ajjljiluj'^l .Ajl j_j]l (jc a jjii ..o <1^13 ,3*J Jldj^^l 
(jdajjjj Lyjy 3.1 (_JSd]l , A Valall ,3xj jj jl jj]! Jj ^ Jl AjaC. AL^LaJI Aj3 j-a]l A^^jdl 
.l*j . dljjJ j j J"’ ■" ■■' (jJLaJ JLluj'^l AjJ JlujI^iUI J A^tluj'^l AjJ Jd*^! dl j^Lj jLid 
A j i.n Ad.!)UI A^LaJI A il -^"u.iVI jjjj t—0 L>*JI -d. — jl JaiJI !)LLa — 4jldjl aIsIs 

. a Jliall Aj jl Jdl (Jc- ^ jjJa^ dJ*J j (JSdll 
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n 


(a) Statically and dynamically stable 

I^Ujj^ ^ 3 ) 

Fl«ure3.1 Stability 


(b) Statically unstable and dynamically stable 

■'■ i (t)) 

JiJi\ 3.1 


(jlJjiall ^yoA .lie. Aa jlLull <3 jI».a] J ° 

La.ljc. . ^ ^.IjLiiLa a^LIa]l (jl LaJ . 

(jli li] . ^yHiMA (JjL*j (jU iS S' ‘ ^jlLull i^S 

jjl ^ .nil (J4 jjI Clj!ilila]l dllj^lj a^Ual] 

SjjUa]l Sj uj'ij nJf* j3 *^^J iS uj^ 4Jaia]l s^A (jLa 

Ig » J ^^ .all ^j 3*^^ ui^ Ij'I'umI a^)SLlui<a]l 

. La s^Ua] ^jl^)a!luj'^l L-i^yla ^j)g tuj U'^j ■ 

S . uJj^' jA (incidence) !> JLa ^jI j J j' 


<S • ^L ij^dt-a ajL_) ^liilljj OC ^jLuJI sJL_) (. 5 ^ s^dall ^JlLa ol^l 

S iS^ ‘ (restoring) ^L^j' j»jc- tjl ^jc uj^ J <■ . ojaluo-all ajjUa]l 

^'L\l I ^ L). 3 ^ l} ‘. ^jj.i^» 11 LjajI , ( S^lia]l 4.A.lLa ‘‘ 

A-Si _jia]| ^_jc *—S^)ia (jli li] . ( o^Uall ^.iLa <1^ .Ixj ^l) 

iajLuj LI i C^ (jl^ylaiJI ^_)c. (J^lx-a jl M (jl^ylaiJl ^_)c. <ia.ujl _jj sJj.1^ 

ia.L J OC a^Uall ^.iLa <la]3 . 3.2 (S c) OC 

^jc. ^LlLj ‘ 'IL .1 (jl^ylaiJI (J-aLt-a ^ J ■ p ^1 j^l A La 1 ^jc. IjJJU a^LIa]l 

iSluiA (jjSj a^LIa]l (jjj .^LHuj'^l ^_^Ja*J o^Uall ^.iLa (j.<aii. <1^ '»jL .^L^jl 

_jA 4jjl I i a^yla (jl S ‘‘-tLLuj 4-a.t.u^l sLa (slope) L).J^ LaAifr 
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3.1 


C =0 

m 

dC. 


da 


< 0 . 


3.2 



Ja I -U j I j 


Figui'e 3.2 Pitching moment variation with incidence for a stable aircraft. 

o^Ua] iajLuJI 3.2 2^ 

(_laaLluii3 (_3 _j 3 (jljJall Lai ( ^11 (jjJ (jljjia]l 4lLaJ AiLuJI aIjIaaII 

:^Li]l (cUiS/l) ^Jl*-a]l 


dC, 


dCj 


< 0 , 


3.3 


! A^L^'^I- A^L^I Ajjl^)a!luj'^l L_aJ^>la (jl dl^ (jl (jS>aJ A.L^)]a]l (Jjailj 


d^ 

dC. 


<0 


^<0 


3.4 
. 3.5 


d^ 

^jl j P J J ‘(^'j2l ^1 jxj'^lj L_aj]a*JI Cli>Lalx^ J Cf LLu 

.(^1 j2l ^ (sideslip) ^j'jj ^jl=«dl 


4jjI jSluuVl ^jJ 3.1.3 

d& Clj5Li]l jjLa-all 2a^Ual] Ajj11..m^I AjjI I L_aj]a jjli jjl] Lljl J LaS 

. (.JLuo C^ — P j Cj — ^ _S ^ dlLajjjj 2:}^ L)J^ ^ 'J* •” 2J ' 

j_^l ^ j^l f"' ‘ I A^jJ J.1^ 2:^41 A^jJj ii_2L2l 2:H^^ (j^ c3^"^ tdliA '* jL. 

A^jJ . 3.3 2^LHA^ _jia]l AjjIUmi^I ^jl^)iLuj'^l A^jJ ^ ■ s^LIall 

Ig51-i.a-i ^Ji\\ (stability margin) ajJj^'^I ^jLaU Woj (_aj»j A^Ld'^l AjJjaluj'^l 
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AjI Ajjl^)ilujl) dl^j jjS a^LIa]l 

■ —OC A-uajjj LJ:J-aJ Ja^jJ Ad'^^jiall 




Vi'J 


'' '" I Very stable 

2 Stable 

3 Neutral stability jj J /a"'. .. V1 . ,.', l<“i. 

Nose down 4 Unstable ••/ 

y. V. ^ - ’ I \a w .< ■ \ \r-. 

Fltiufe 3.3 The decree of longitudinal static stability. 

AjjIImi^I Ajjl^)aluj'^l A^jJ 3.3 


jjl^jjatiJI (jl ^dal(j.a OC _! A n».a A VqUlj 3.3 (JS■''3' ^ 

f^Ji\ j»j& A-a^ . I ojaluiAll ajjUal] jA\ jjSj C„, (rcstoring) 

^_)c. ^‘ J ‘ (jdjlA jl) Aj jl I A^jJ ^j^al ^al "'ri 

(jlS Lois (_5ic-l Aj jl I ^.ifr aJL^J i_JLuo ^.' ‘ J AjjljtiA]l Aj jl I dc. 

LIA ^_^4c.|) a la Vail A^a jlLa 1.1 s^)lLuudl s^Uall (jl I'iA . ^>^1 l-a Ajala] 

aJL^ a^UaJI (3*-?-^ JlxSl Jj A^LaJI (_54*J ® J • (upSCt _SI 

dll.la.'^ JLxsl A..a^ Aj jlI (jdjlA (jl (_54 *j IjA .SjjLiAl] jl Aj| 

Aj jl I (_jLa ajlda (j^jSj (jl (jS-aj Ala^)La]l Ajjl I (jl l'^ . a^lial] ^1 jj 

.aJj ■" j!La]l ^S^'ill AsUa (j'^ ( aUs]! 

4_JXuij) ALlij ajl& (jjSj A^L^'^I- ^jj'I -y II Ajjllt.j.i^l Aj jlI (jli ILLuj lj^)dl LaS 

jjl .(flight envelope) u'j:}^' ‘-a^ J Ja' ^jd) ^Ij j ((-.jxi..^-ill 

(jljjia]l i_a ^J'^yl (^miLuiI (JSdj) dijlj A^L^'^I- A^L^I ^jl^)a!luj'^l (ji.alA 

(j^L^aaJI ^^1 ^L*JI (amplitudes) ^1 dilj diljjLiJI a.L±jlujlj) 

(t _ 'I'iSII Ij^ (jidaj Jri^ A.^lijJjjj'^l 
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jSluuV) ^ 3.1.4 

^ Clll jjsu (_ 5 ^lj ■ ajjUal] (_)j)t.Ma]| L_aj^>la dll jjiii]! 

dl^Ual] _jia]l <^tluj'^l <Jjl^)iluj'^l ^ dljjsu ~ (jl^jixaJI 

(_ 3 _ji]| dl^Oall Lai ^J^jjia ojl& dl^jai'lll sLa 

(J! lS-^^ C5^ u)^ a<ili^l ^Ic- <JjAiJI 

(jl jjia d-d. aj^luiA o^LIa]l sLa (_jLa (jl (jS-a-a]l (j>i3 <JjlI 

! Aj jl I JjiL] Axud^l (j..aiJ.a d.lj (j'VI .(^^>^1 -d. ajf^lxnA j Aiix.a 


tiljA.Ail dl 3.1.4.1 

dlj^lLlI ■"II (j>» Liijj _jia]l A^lluj'^l Ajjl^)aluj'^l ^ J:}^ ojlc 

^daj.a ^ LaS , Cg ^ AimuIL ^.^I j 3 -^d. j Alakj (j>j ^Lii a^)dljA]l 

. ^jM^nlljj is^Ua]l ^da (jdii. sLdI (jl^)iai. j»_)c. ^Ljj aJLsJI ^^I ia j|?-»A 3.4 j}^ ‘‘‘'H 

^1 jj ^J ^.lll ^_)c. (jlj AjjlaJI Adi j_j]l (jljJall d 

(JA^ljjJ jJjI aIHs .^1^1 (Jjdj Alaajol_jj (_5^l ^jI^LaII 

. ^jl jiLuo'^l ^ dijjju ^ <1^ ^dj (_^l J Ajlj^l 



Figlll'C 3.4 Typical thrust line effects on pitching moment. 

(jl^)iaiJI ^.lll iad dijdlj 3.4 cJ^dJI 
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j (j>j ^Ijj dllS^ji-Al] a^)^l.^l dll 

LjIj^I ^ L>“^) 3.5 cj^dll ^>]ajl . (_p^jj]l <ilj ^ .a ll J^iall jl (wakc) 

(Jlj ^ ^‘‘^1 



Figure 3.3 Typical induced flow effects on pitching moment. 

3.5 J^l 

^Ld'^Lj ( jIjI ^yd ^.^^1 ujIj^I ^ ^jaaI (Jal t^j^l dl j^Ij lilLlA 
(^jl jid‘^1 JjdJj <A^I) C^ - C^ A^j ^ dlj^lj II s^A 

y ]jlaiJl AjjlsLa 3.2 

(jli _jia]l 4 .jj11.m^I ^jljaiLuo'^l (_^ (jl^)iaiJI ^jc- Aj. 4A| (jljd ld3 (jl 2xJ 

^ jc. <3j|jt.a jL^I 1 _. ^11 ya , (jl^jiaiJI ^_)c. <3jlj«..a Ajjl^)aLluj5U ^^Ldl (Jjl^"' 

(J^aaII (j^j (j^ .ojjLIa]l ^ja.9J:?^ (.5^ i.luo Jd*j (A.a^.l]l) <LjI^I ' (jl^l~*'^ll 

j aJI dLuol J.ll] Aa^a (.5^^ J ‘ ^)iaaJI ^_)c- aJjLxa] l_JJ^)£ 

. <jl j_j]l J A^lluj'^l ^jl^)a!luo'^l i-'l ill-.'i/'l 
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jla^i tijoij f 3.2.1 

Ja^ ^ j j-aj L_aj^)*J jl!ix.4]l (j>j <jli <j£A<a ^_)c. <3jljt.a Ja.ujjl ^Lulj'^ 

<jl L_a jjM .a^Uall j_5-lc- ^J j.a*JI 

dj^ilala] LjajI iCg _il -ijc- (jlJJjJJ uj'ij aJL^ “LajlLull J (j^jSj dijlj ^lijjl (_5Jc- J 

(jl joS'^l liA . Ja (jjl ^aell]| (jjSj o^jat ..o Ja jLuj 

,ia^ (jl^)iaiJI ^_)c. J j3 dlljjsu ^_^Ja*J iajLuJI ^jl_) ‘^ dl^ilila 

. 3.8 3^‘'''" j.a ^3j-aj]l I3 a 



Figure 3.S Simple pitching moment model. 

■ ‘'J (jl^)iai. 3.8 3^ 


- ^Li^l ^ LhAj (^3jAi]l (jl (j.^^)iluo (jl^)iaiJI 4 ■N.'l.al (ja 

\ .ag \[S l^ljjJjjjj a^Uall ^-»tu7> j ^Li^l (jl ^ . ((_Jj3]l) j (a^Uall ^-»tM7> 

^ (J^^aLa a ju* Um (_]j3]I j ,iaa3 


. jJall ^jljaLuo'^l J 

(jljiaaJI ^jc-J L^ ajjUall (jl l 5J^ ‘ 3.8 cJ^.^1 (_gJj 

j»jc.j hj 2;3j]I (jl i_>iajaj <gjL3l.a ^jiaJ . aC ^^lijJjJj'^l J J^3:i 3^0 

<jIjS (jS.aj . iJ:j31] j. 

: Jln]l£cg -llJj^M 

3<f = 3<f Q + Lyf {h — hf^c — Ljlj + M j .3.6 
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M j IA-IIc i (JjLtLa (Jjili ^ A nJ^JaLall (jl (ajlaiJI LaS) LlJajaSi I jj 
! tll^iLaljoj ^ *J ‘ ^' 3.6 aJjL*^ ^IjS U'^j ■ 

C„ = C„,+Cjh-h„)-C^% .3.7 

tll^iLaljoj <W dJ (_J-aljt-a (j>j (jl^)iaaJI (Jji^ 3jg 

! AIjIjS (jS-aJ cJjill (J-aLx-a i'^ j^l 

C^ =0^+ ajay+a2r|+03^^.3.8 

(I0C3.I) j-a]l iaj)lt,a]l Ajjl j OCy. tAjjlj jjjl Clj!iLalx.a 

^2 ^2 

^JaLall (jl LaJ <jl ^jia.uo ( 3 ^ (.5^ "H ^ 

<jj|^ ^Ijj Ajx*^j>a]l Ja^jLuJI ‘ ^ ^jLuoJ (3^ (jlj (JjLaiLa JjI 

^lisJI (downwash) ^JLA\ lJI j-dl ^a.!]! a jJSjj rjj. Jjill j 

. 3.9 3^‘''''" ^ 'j;'-' (jS'dI . 



Hy 11 rc 3.*) H7n^- tailplaneflow geometry. 

(Jjill- ^Li^l J:}^ 3.9 lJ^-^I 


! ^IjIxaIIj ^'' U'^j 
aj =a -E -rij,. 3.8 

<Jjl j ijjSj 0 jjae dl^ilila .lie. Ajl LaJ . (JjLlI Aic. ^jl j 

■ (j'^j ■ OC La a ,Xaj»j ^ Li,ill (_aljp^'^| 


a -8 =a 


1- 


<i8 

da 


Cu.(^_^'\ 
da 


''^V 

a 


.3.10 


(jJj 


= 


fl-^1 

V J 


a 


+ri3 


.3.11 
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«« u' j 3.7 (j.<aJ_j*Jj 3.8 3.11 

! Jaxidl ^jL »..9 (,5!^ 3‘ i_$ jLuij 

C =C +C, (A-A )-Vr 

m mo Lw\ o> T 

.3.12 


r ^ 

'^Lw 

a 


^ de^ 


1 -- 


da 


+ + flj (3 + fljTjj 


hjj 3.2.2 

L_a^)ia]l liA (jjflaiij . = 0 <jl j_j]l L_a^)]a (jl 3.1 <3jl*-a ILLuj IjjlJ 

! a^LIa]l (. 5 ^ ' ‘ 3.12 <3jL*-9 

11 =77-(C,„ + C,.(/,-/,J)-^f^Tl- 


Vja2 


a 


V"2 Jy 


da 


-^11, 


.3.1 


a. 


Qo 


.lie j (Pti — AjuJa^A ^ jjJa ^a LaAic 

^Ljajl Aic. (_1.9L*..9 ^>9 ia^ ^jaeTl (jls ( h ) (j:J*-^ C§ 

. <jl j_j]l CjI.1^^ ‘ ^"1 

A,^ji3l\ ^llyuVi ^jiJ^luiVI 3.2.3 

^ ■■' Q^*-A jj I—a^)ia .lie. l^liujl o^)lLua.a s^Uall (j^jSj ^ <._jlJaLa]l 

Tj 2’ (jl ^Ua^!)La j ( jl) C^, ^ ^..i.i2lj 3.12 <3jl*-9 ((jlilLil) <IjaLLaJ . 3.2 4 I jlxAJ 

! aIjIxaIIj 4j jl ^)a!luo'^ I I—a^)ia (jjj i dijl jj J 

dC.. 


dC 


<0 


Lw 


dC 


dC 


= (h-hj-v. 


Lw 


V« V 


de '' 
da ^ 


dr[ d^^ ^ 

+ fl,-h Ur, - 

dC,^ dC,„ ^ 


.3.14 


jial) A^llyuVl jSluiVl 3.3 

i-.i «<-v-.iUi^ ^ jliuuVi 3.3.1 
J OJ^ 4!liLa3l dlLaS^ILallj ^_g.AMi.a3l i—a^)ia3l 

jLiia3l (jl 3-iA i LiLaC . a.ljLuJI <jl jjll L_a<1 mu31j dylj J ■ ^"i'' 

Latila IJA . <jl j_j3l (fixed) dijiLall i-'l 

. <jl jj <31.^ C5^J S^lia3l (jl (j.^J4aj 
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dV[ 


dC,^ dC 


= 0 


.3.15 


Lw 


dC., 


dC 


Lw 


= (h-hj-v^^ 

a 


1 - 


d^ 

da 


‘Cnla l"'' LoJ 

! 3.14 ^jlx-a 

.3.16 




K.,=- 


dC.. 


dC 


h -h .3.17 


Lw 


<iakj ^ , C^ — C (J^La du 

C Ja-ujC 5 ^ ^n (JjLdll 


h=h+V-, 


a, 


a 


1- 


dE ^ 

da j 


.3.18 


Luis clulS Luisj i 1—1^_j-u Aj^) a!Luj'^I (ji.uLA (jjSj lyiLuJ S^jaluiAll dil^LIall 

(jl _jll (j>j 3.17 ^jLl-uI ^a^liall ' ^I dulS 

i-'l JjLsjII Alakj ^j-u ^Lul (h) eg II ^j-u (jj^ LuAic. (jjSj a^LIall 

eg II ^ j-ul ^ jAui-ull (JLi-ull J.1^ ^jjLull Aj jl I (jju-ul _jA (jla ILl . (h^) AliLull 

^^^Lu'^l .1^1 Luj^ (AliLull ‘-'I (JjlxSlI Alakj jA ajlc. ^^IaII .1^1 , Ajjjt..u a^Ual 

Ala^)Lull ^jl jkSuj'j/1 (jl 3.13 ^)SlLj , ^jl jkSuj'j/1 ^»ll ^ •■'jail aJ.1^ 

^ I/' ‘ ^11 Aj jl 1 (_JLu Bjjlai. (j^jSj (jl (jS.uj 

jLilall (JLlSI “LujI jJ ^ Li.il^ ^j)g mj AjliLuII ‘"'I Ajjl^)k!luj'j/1 ^ '».u 

Bj^hoiA B^llall (jl (jja^)kj i—a jjoi . AliLull ‘"'I aIL^ e^llall ^1 jj (_lual ^j5UI 

u'Jj' BjjUall (j^jSj Lu.lj& . (jJp-» (jl jjia >—a 1-^ ^1 jj lIuC- 

3.12 aIjL*^ . ^jl-*^ ^i^LaII uj^ (.5^0j 

de ^ 


o=c,„+c,„(/,-/,J-y, 


.3.19 


^ a ^ 

r --L 

'-'Lw 

V « V 


1- 


da 


-\- +< 22(3 +fljT|2 


lil^)^.All BJJ3 j AJjI j .lie. ‘"'I .nS^'l.nll l.4tJ.I.UJ jLllall (jl (jiajjii 

Ale. ^ jjJa^ ^ 1^1 .^"'11 J Clijlij ^lijjl (_ 5 lc. ^)k!luj-u (jl jjla (_^la*jl Ala^jJ^Jauu 

^li AjILuII i"'' .nS^'i.nll i—a^)la Ale. B^llall ^l_)j flAle.y t(j^l . =0 

Ale. ‘"'I i..^Li,i.u ^ ..^A^l ^ 1^1 ^ t"'! iAlj^)allj ^1 jLlI ^1 
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‘La-lLall J (. 5 ^^ Aic AjI t (JliLall (Jjj■ ■' (. 5 ^ ■ 

(J! (J_j]l ^ (jl JjmC. (jl jLliall (_5^ (j]^ ‘ (j^Liijl 

^.Jaj a^Oall ^(_9^^ ' * 1 ^ 1 ^ ..laC- J^ c_J^^ILuall 

-lie. dijlj ^lijjl CjLS^ AjaaLa-^l] j_5-3Sj Luj ajJ3 

. LiA JaJ-uiJI Li^ij-aj ^ L^ ^ jAuiA ajJ3 dlljjiu t(j^ . j_5-5c-l Ac-^yji 

speed ) (_a!)lc. i—a^)ia ^1 .ijc. o^)iLua<a a^Ua] di] 

( li] .aIjIj (_ 5 ^ AiaLuiij ( (envelop 

((jliliil) AliJaLLaj , Ajl j_jl] ^1 ^1 Aj jl j AliLa]l i"'' Aj jl j^lLoi )!I jjiILa]l (jlj 

AjjI j_1 ^A AajLuJI dlLjaljjS'^I (jjoSj i^AXJj C i Axuiiilj (3.19) Aljlat-a 

<>=• lU dlljl&l iJAaitA 2xJ ^ j_j]l ^ jjsuilj T| 

.3.20 


dr\ 

~dC 




= =^(h,-h) = =^K, . 

Vra^ Vra, 

dT\ ^ ........ — = 

i_iijjlj2j - Ajijjl] ^'°''‘^’•“ ui^ ‘ dilljlj CI 2 jVt (jl dj] 


dC 


Lw 


(j>j (jUaj] Ajlj^jl] ^ 1^1 Ajjlj t."! . i^K^ AiiLa]l 1 "'' Ajjl I (ji.alA 

Aj\.afr (_ 3 ^>ia (. 5 -^®*^ “ i-j^ A \l — ^jl jjia]| L_aJ^>la 

(._jjl^j]| oiA (_jLa tJLa. (_JS t 5 ^ A!iiLa]l i"'' ^I 

. 0 jtli]| (_ 5 lc- (_J-alS 3 ^*'^’.' .n\l ajJ 3 jjl (JLhAI La jaC. (jS.aJ 


Sj^i i-«i /.s-v-.a" ^ A^j \jHuuVi 3.3.2 

(jli_jia]l ^1^1 A^ OJ^ i—a^)ia]l a^>^l dlLaS^ILallj i—a^)ia]l 

^jialujj jLlia]^ J (.5"^ Ll-aC. . JjLuJI ^1 j_j]l A»jIj]I AjjI_)^I Aic. (floating) 

. ^1 j_j]l (jl jjAall AlLa. a^LIa]l <ilaj ^a 1 "'' ^jc. (jlj&a^LIall jjjiaj 

liljj .lie. i-jjxa Igjls (jSj ^ (jj ( i^)SiLuiA ajjLIa]l (jl LUa^ a^>-a 

i"\\ j (adjust) lJ:J'.^ ia^ a2c. L.s^)ia]l ILa , dlLa^a^Lall 

AJ_jllaA]l ^1 j_j]l i-j^)]a] ‘ (float) Aj^jlaJ j 

Jj 2;3l^ ^1 jj]l (adjust) lJ:J-^*Lj ILa JjA^aaJI (jS.aj . (^aSaall (jc 

o^)^l 1 "'' jaxujl (jli IL] . (-j_jlla]l ^1 j_j]l j (_5)j l) 

. a3 ■ ^A J ^1 

(ij ^ t5^ 


PDF created with FinePrint pdfFactory trial version http://www.fineprint.com 
















^llyuVI jHuuVI 3.3.3 


3.14 



K'„ Controls free static margin 
d ^ ll !■■ 11 j\ 1. .1 J I 

Fisjure 3.14 Longitudinal stabilit\' margins. 

Aj jl I _jA 3.14 3^ 


_jA J i eg _ ^j (JjL*j]I Jalaj jA Aa^ .ail Jj.liJI 

(_5^^ Aj jlI A^jJ (jc. Aj jlI (_yiA\jA , ajjlial] Aj jl^)S!Luj'^I 

(jjoiij i L^ajl . a^Uall (jLal A^jJ J.1^ (jjj ~ o^)^l j AliL4]l i"'! — s^Uall 

ajjlia]| jj] A.aj!^l ^jl I ( Aj.aA'^l qa A^j.i]I 


i Ajl Axj!)UI A^l jy (_)joljLa jA AliL4]l i"'! Aj jl^)a!Luo'^I (ji^lA i ' , 

. 0 (^JJoLlLa jA 0^)^l l"'! Aj jlI j 


A^llyuVI 4 jjI jHuiVi 3.4 

(level) jluol (_Pc. A UaI .nil a^Uall A^IL ^jjIImi^I A^L^I Ajjl^)a!luj'^l 

(_J-al jC. lilliA U^ajl iA^lxml A^L^ Ajjl^)alujl ^ (J-®!*- '4 ?’jj ■ 4)J^' 

IaL^LI^j djI^Uall A j.a'N (j>j <-J_jlIaA]l (j.a AjI LuJ . ^jlI (_J1^ LgjJaxJj 
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(_53 Aijlluj'^l A^j\ j)^lu^\ (j^ U^C5^ tjljj)lt.j.i^ 

^jl jaluj'^l )^u>» (j-» ajIuc. (Jjjjuil ^Ifr (_J^I (_jA (dihedral) 

Clll j a jjlia i Ala^jiAll Aj^L^I Aililuj'^l Aj jl^)5 !Luj'^ I (jl . (J jj-m-d 

(j>j Aaa^j^ (.5^ e)^-»g^11 (j>j (jli li] ( a^L^I S^jLIaI] (ajuLm) jlLa 

A^L^ A^IIujI ^jl^)a!lujl (_5-lc- lJj‘I] a 3^A^J_)dl jjl tdl (jS-aj , ^ jl j^Lu^ I 

((|)) «_aj]=udl 0 A^l^ Alala 2xj , 3.15 lJ^-^ Alaijjl _jj 

^ ^Idl jjjau]! . V l3^ A&jxaJ 'j;'’' iS^ IAiIuj a^Uall (jli 

■ r Jj ^ ^.lildl ^Ll^l A^ljjJ•—S 

Jajii (jl f'njj iAjjl^)aluj'^l ejl.i^j ^^Ic. A^i_jIj^I ^Ijj) 

jA 

dq 


d^ 


<0 


3.34 


i_jlj^l (J^u^liidl ( L_a ^_js- (J-al*-a jA C^ tlu 


-L 



Figure 3.15 Dihedral effect. 


^jjll J\ 3.15 


offluiA o^Ua] 3.17 (_JS.iill ^ 'j;-" Alda cLil.ia.'^l aLuLuj 

Aldall .l*j Ajl ajilLiUj J A^L^I Ajjl^)d.uj'^l aIjIsj-uj l^l.^ 

. LjajI A^ljjdl A^L^I Ajjl^)a!luj'^l (j.<ajL-^ij A^lill aS^)^I 
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Figure 3.17 The effect of dihedral on lateral stability’. 

jjI 3.17 (J^ 


'UjijlluuVi 3.5 

sL^I ^ (yaw) s^Uall a^IL a^L^'^I 

s^LIa (JS JjlaJ (jl S-1 _jlIaA]l qa (jl LaJ C5^ Ala3La-a]l 

(j>j A^j-a]l a^L^'^I Ajli ( SJI. 1 L 9 

LjajI t A^L^'^I Ajjll.j.i^l Ajjl^)a!Luj'^l ^ (fin) Aijc._^l , 

A^lxuo'^l Aj jl^)a!Luo'^I (jl ^)Sjj ^-»g a\\ (j>j ' ‘ ^3 . ^jlI (_Jlaj ' g ■ j (-1^^ j^ 

(j>j Ajli I j] ( o^Uall (AjuLm) Am jlLa t _ 'J■ ‘^' i—a jjm Ala^)La]l A^L^'^I 

. Aj jl I (j>J ^ ‘ <-5 

Ac.^yji jjl . 3.18 3^‘'''" (.5^^ l3^ aIsIs] A.Ja^)XA]l o^Uall .li.lj] 

. P Ai^ jM (_5-jjl.^ c3'^3^^ (.5"^“*^ U Ajjj^-a]l A&jxJI A^^ j V iS^ 

AmSLa \|/ ^JLuJI ^l^)»j'^l AjjI j (JjL*j siA A^ 

Alilall i 3.18 (J^‘'''" _jA LuS (j^l . V A&^).uj]l A^ia AL^ii-a C1 i^I_^I s^LIa]l 
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(jjj . P lS^ <ijc._^l (jjSj 

^1 ^jfr . N S-ti.J-a sL^‘^1 1^ Jjjj L,p 

(_3'^3^'^I 0''°'^''"''' J (J! a^Uall (J*-^j jl^)a!luj'^l ‘- _'y "j 

jlb l^L^I jib aj^luiA a^Uall (jjS i—a^)ia (jli i li] . 

dC , «. dC 

^>0 (ajjUxSj^jl) —^<0.3.35 




d^ 



Fl|j;iire 3.1S Directional weathercock effect. 

(^j]| 4 jj) Jk\ 3.18 lJ^I 


Static 

jkiJ\ 

Trim 

Al\jj 

Trimmed 

Aj 

Equilibrium 

uj'ij 

Stability 

<jjl jalijjl 

Controls 

i"'' 

Tab 
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Transient 

diay-a 

Disturb 

jJaVa 1 

Flight path 

(jl ^)A<a 

Flight path angle 

Longitudinal 

(jl jdall ^yj-a Ljl j 

Lateral 


Directional 


Angular 

Disturbance 

2 \a\a 

Converge 

ujjlajj 

Nose up 

a^Uall La.lLa 

Nose down 



Stability margin ^jl ^jLaU 

Lateral-directional 

Flight envelope u'J:}^' 

Tailplane Jjj 

Elevator tab j >^-i 

Power sj^ 

Controls Fixed cjLaSaJLdI 

Elevator angle to trim jjl] ^\J!i Ljl j 


Controls free 


Float 

^ jiaj 

Fin 

Aiic. j 

Sideslip 

jj' 

Dihedral 
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4 

Equations of motion 


^LaIa S jjUal j^\ vIiVjU-a 4.1 

(degrees of diL^jj ^ya s^lj ^ J.aL»lj 

: JjL jjjlall j t ciiJI freedom) 

4.1 .. 4Jildl 0 j3 = ^ jLuii]l X 4jj^| 

l 5^ jLuii]l J jj.^a\l ^jc. ^ jLuii]lj <3 j^I (." 1 •> 

^jLxx (jLaLil (jli I j] . ^ja^j 4Jala]l o j3 ' 

. 2 J (_^ lAljiil <£^^1 dlljjsUAj 4.1 

^j L .i u Il ejl ^jA 4.1.1 

ya ^141 l 5^J‘ t"'' ■" I—aj^)»J yb 4.1 ^A .>11 

(^OXyz) jjli-dl ^liaj] <jAuj]lj 4£^)^I .li.lj] .s^LIa]l <lil3 aj3 C1 jL^^)aj 

^.jAJijllj jjL^Aa ]!J ^aAAi^l , 4.1 (_J£aai]I eg j) o 

{ox,oy,oz) jjl.^1 oj^lj ^ja 4I diL ^ja . yajSl\ jjf^ (_£.« jf£. ^>4 
^>Jlj 4jjlj]l ^ (X,Y,Z) J (u,v,w) yjhl^yy 

CiL^^>41 .j^lj4l {L,M , N) j {p,q,r) — j jjl.a-41 (jjiij 

[a^,ay,aj j {u,v,w) —j j^jj jj\^ p ojc. ^jLuj4Ij cjlc.^>^41 

. J'i4l > 
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Figure 4.1 Motion referred to generalised body axes. 


Sj^ ^Laladi CiVjU-aII 4.1.2 

m(l^-rV + qW)=X 

m{^ pW + rU)=Y .4.12 

m(\^qU + pV)=Z 

^ <4^1 <1j^I m 


^jJxU ^Uil CiV^buftli 4.1.3 

! ( Ixjia <ELiii<a]l) s^LIal] ^j3*^^ 

[ly - h W - hz iP^ + 4 = ^ 

f^{l^-f)pr+fXp"-r")=^ .4.19 

IZ ^ (fx - Iy )pq + ^XZ 

ij_J^ ajlfr ■ (.5^ J J •—S I- '°■4.19 ^.2L».<9 

.L^UaI fff ijA ji^l 
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ox jj^xil ij(_ 5 j 313 I JjA^adl ^jc. 


oy jj^xll (Jja. (_5 jI13I jjA^adl ^jc. 

=^8m(x^ +Z^) 

OZ jj^xil (Jja. (_5 jI13I jjA^adl 

7^ = J^8m(x^ + y^) 

OZ jj^xll J ox jj^xil cjja. (_5 jI13I t_ljjdax 



jfl 4.1.4 

dlL^jdJ <.aL»JI dj'^jLxAll lji.a 4.19 J 4.12 dl'^jLx.a 

a.lj.1^ ^j..o (j'VI . ^j "''•^"'■^ <3j£ ^_)j^ ^ 

4ij^)ia]| . Au^^yi 4111^31 ^J_)c- J l5 ^ ‘° ■ C1i'^jL*.a 3I (j>j Jj *'^31 

4^ljjJ jJjI Clll (jc. 4^lj ^3a\ail ^jJ l 5C5^ aiiUXA3l 

(controls) cjl jJjbj (gravitational) j (aerodynamic) 

(atmospheric j^bj (power) cjl£j^l cjl j^bj 

4.19 J 4.12 jjj . disturbances) 

m(lf^rV + ^w)=X^+X^+X^+X^,+Xj 
m(vS<- pw+ru)=r^+r^+r^+r^+rj 
,{/ + pv)= Z, + z^ + + z, + z, 

/ (/V -/.hr-1,, (p?+4= 4++ i-c+4 + 4 

/,^ (/, - /, )pr + /„ (p= - )= M, +M, + M, + M, + M, 

/.£e (4 - / „ )p, + 4 (,r - = W, + + W, + + W, 

(jA.Ja) JI. 1 L 9 (jC. ^)iaj3l i_ya3U a^Ual] ^L»JI ^ a■ 4.20 dl'^ jIa^uII 

^jLuc (analytic) 1^4 ^j d'^ jLxaII . (4qi?-».a3l dLdIjpa'^I 

(jjSj (_^3 J ‘ _ d'^jL*.*!] id^)ia3l J i Ldjl . La ^jiC. 

^ jL. 4 ^)jjiJI d'^ jljt..4l 4jul!La]l lj.^^1 I jj , 4x1x11 dl£^)^l .il A jx ..o 

. 11a (jUaj ^j3d J 4^jxaLall (_3^)ia3l J >4'4..l Lilx3 

^jL. 4 ^j t _ i4jiiid 4S^)^I d'^jLx.x 4xjl!i<a (_J^I (jx 

a£j^ 4kujl jj UJjAxaall (jlxj (linearization) ^jiaall . (l^lL^isLi.) 

. ljl j_j3l id^)]a (Ja jJstxJI d^Uldlj ayUall 


4.20 


(lineaized equation of motion) A4 jail Aiajkald) dVJl*.A31 4.2 
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j a 1 (jljjiaj JjiaJ ajjliaJl (jl I^IJlIjI 

i a^Ua]| siA (jljjia]l i—aJ^>ia J J '' 

Aj| Laj . ^ dlL^^yjJ (U ^, Vg , Wg ) AjiaiJI dlL^^yj J 

', f^\ (_Ja]La J 3°"'‘''•" ' ‘. (V = O) (,5^^ l3^ 

X,=Y,=Z,=L,=M,=N,=0 .4.21 

AjiaiJI Clj!)lala]l A£.^yji dlL^^yj (jlj J".JJ* ‘ ^ Alala] o3^2a]l CliiJa^)*j I jj i 

a^liall ^3 ^ AimuIIj {^p,(J,r) AjjI^^ Clj!3ila]l C1 iI&^)jjj dlL^^^-aj (m,V,w) (3^ 
aS^j^I 3^-)^ A&^).uj] aJ^I (jlj lj] . (pxyz) AlilLa Jjill 


_J AialLoll 

U =U^+U 

y =y^+v = v.4.22 


y/=iy^ + w 

^31]! diU^I (jl a {p,q,r) j (u,V,w) i—ajj»j]l 

4.21 Cll'^jlx-a (j.<a_j*j t(j3 .L^IaAI (jS-ujj 1.1 ^ UJ^ J ' £ .'j3 ‘ ^3 ‘ 


i^lj j^IjIIjj (steady) Sjalui-a 3^ Aiia.!>Lajj ( 4.20 di'^jU-a 4.22 j 

I 4jajtiA .n\l dl^jlxA C5^ 3‘ ' ‘ JL-a.l^j 


m{&l-gW,) = X, + X^+X,+X^ 
m{^pW,+rU,) = Y^+Y^+Y^+Y^ 
m(i£(-^l/,) = Z„+Z^+Z,+Z, 

i-a + ^-j + 4 + 

/,,^M„+M,+M,+M, 

Ja^ Lille. 3^^ 3^-^ 3^^ ^ UpoI CIi'^jLxaII 3^ 3^^^^ <—i^jlall (3^ 3 jAj 


.^133^ 3ojjjLi-JI cjl3al3l 3^1*31 


(gravitational terms) Jj^ 4.2.1 

jjLa..a sL^L 33^ ciiljS^)>i ' g 3^"' 3^^ o^Ua (_ 5 lc- ojjy-nll tn g 33_j^^ * 

(alttitude) _II J_ 5 i Alalill 1x3 jjxjlIuj t"'' 3]-2 a^Uall Alila 3c. . 33131 a^Uall 

1 ^ 3 ‘ ^ ^ *' 4.23 3'^jLx 3I A^jL^I ApuaLuia 3I2 13 .AlilLall aS^)^I ^Lujj Lm 1 
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4.24 


L,=M,=N^=0 

(J‘ t aj j^) ‘"''j'-"* Jj ^j' ^ ■■''' C5^ dlL^^yj (Jjliklij 

! a dL^llial] a j3 dlL^^yj (_5^ 

= -mg sin0g - mgd cosG^ 

Yg =mg\\f sin0^-m^(|)cos0^ .4.27 

Zg =mgcosd^-mgQ sin0^ 


(Aerodynamic Terms) ^LLjjjjV) jjJaJ) 4.4.2 

_j] . Axuij (jli (jl jpyi J 2)^ e^Uall (_Jilaj LaAic. 

aJ_ ja]I Clj!4£.lia]l a^p^ ^>'al <iLijl <L^LaJI Cllljjau]! 

UJ^ (.5^^ dll^Ual] (_Ja*j (3^4“ tilLiA 

.(Lifuij) ^ 

X^ <^ljjJ-■''' a(jl di^l j (3^4^^ ^ ^^VI ujIj^I 

0^^ ^4!La 

^ ^ dx dx dx dx dx dx dx r 

+ —v + —w+ —;? + —^ + —r + —.4.29 

ou ov aw op oq or dwSi 

! <_jjSj 4.29 3j-aj ^l.lij.uolj 

o o o o o o o 

X ^ = X^^ + XuU + XvV + XwW + Xp p + Xqq + Xrr + X .4.30 


u' t5-^ 


ro\ 


V J 


3-a^l J 1"'' a"!.^^.n X w X v Xu ClLiLaljiA]l 


^3*2^ J 0-2j.1^ 2)^^ ‘ L>*4ij . ((o-^j) 2^) i~‘'U'i.’ri/'\l 

! jlB L_aj2n\l ^3^ Cll'^jL*.-a ^3 ijJ!4iLa . 4.20 dl'^jlaL-ull (_55lj 


«_/ ty Ly I-' 

+ Zjh u + Lv V + Lw w-\- Lp p + L,q q + I^r r + . 4.31 


(Aerodynamic control terms) ^LLjjjjVI CiUial»l) 4.2.3 

^j 3 * 2 I j 3 ^ 2 aj . 43.21 J t"'' J ^ 4 t.kUJ^I nJ^ i"'' 

cjl j^l 3 yj Lijj (deflections) cjlil jaJi 3.4 ^Ik^UJI ^j 3 *JIj ^j 2 l 3 I Uj . 
i"'' (terms) •.i 4 W 3 J Iajj' *■. 1 >* 1 ^ 3 ^ • ^'^ 24 '^j^ 4 ^^ 
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li] ( LjajI (_3±Iajj JJj'yi -2 jAiJl (.5^^ dlLjaljja'^l , A^LjjJ 

! (jS-aJ i"'' ^lj]| (jl^jiaiJI i^ilLa 

.4.32 


aM. dM dM ^ 
M„ +-ri +-Q 


a^" ari ■ ac 

4.32 (jl LaJ . jj]l ^ T| ^ J ^.21 j j 

(jl (jl ■■''' (^)-43 .IjLuJI <jLa^1 L_a^)ia] <Xuii]lj jjl ^ ‘° ■ 

o^yj . T|g I_aj^)ia] 4.1t.j,ij]lj 4jjjlLa^ T| ^ Ujj 

! 0Ja^l1] 4.32 aJjIxa] A atjt^ J 

M^=M^^+M^y]+M^(, .4.33 

I jj . 4ij^)iaj dl'^ jlxx 4j.a' nJjI i"'' j0^^ 

) dllAt.uLa]l J (flaps) dllx)l.a]l (_jLa ( 'n. 2 jjjl ‘"'I ^jL^dj^l <xul jJ IjJjl 

.^j^l di'^jLx-a (^Ijj 4.33 ad.ia. Jjia. ^Ldal Idle Udfr tUijjfrJ (spoilers 


(power terms) (dja-*iS) SjjaI) 4.2.4 

^ ^Ijj <Jjl j ^Ja.ujlJj oJIc. L^ '-.^Vii (thrUSt) 2 ; 3 ^I oj^I 

a J^l dlL^^ ®JJ-4 ‘. '.’“'J t5'^^ J ^-^l ‘ _ ';“'J c3^^l 

1 " 'I a*! <3^dJ dlljdti3l s^A >■ a ‘ ^J Lldaljj t. Uul l.>ll (j>j . o^Uall ojj^.431 ^3*^^ J 

', ^.l3l (3^ 4.^131 AjJ a _j^l !iliLa ( 


Zp = Zt X 


4.34 


i"'! aJL^ LuS .el i'^jIxaII (_5^I-j (_53 a^aLmiaII AjIjS 3 ^^ 

aIsIs X (_^Ij31jj . dLuJI Ajl j_j3l ^da^ Axuiillj (_>jolaj Bjj^l dll jjju 3 J -3 ^.^Idij jj^yi 

. Ajl j_j3l ^daJ AimuIIj ^31 


S jJLuall d5lil2dl ^j^l C^Axa 4.2.5 

IdJc. ‘ ^ela^jJad-all AS^)^I dl'^jljt.a 3j.11 ' il.nr, JLuS'^ 

^ J ^1 ' dlLa^dLall A^iL^I 1 ^. 1 ^j A^ljjJj^^l J j II Axmldoll 

4.30_J ^ gjj*''' di'^jljt-a 3 ^ njjjj^l ej.iiJI (^l-j (, 5 -^ 3‘ ' ■ 4.23 a3jL*.-9 ^31 

a^A ^-4^. J ^.'2n AllljL-a 3 ^ 1 j.1^ (.5^ 3‘ 'J ‘ 4.31 j 

. 4.37 3‘ ‘'I L^^ju a.l^)^l ^ LgdaJ_j*J J lji.a dl'^jlatAll 
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mil — XuU — vi' — X^w 


- Xpp - - mU'e^ q - Xrf + rngO cose^ = X^$ + X,,i] + .V^f + X^r 

o o o o / o \ 

- YuU + /MV - YyV - },i M' - r„.M- - ( >p + niWg I p 

o/o\ oooo 

- Y^q - ( K;. - mUe j r - mgipcosOe - mgrj/ sin0<, = Y^$ + Y„q + Y^^ + Y^r 

o o / o \ o 

- ZuU — ZvV + I /M — Zvi 1 W — Zm M’ 

o/o \ ® OOOO 

- Zpp - ( Z^ + mUe \ q - ZrV + mgQ sin de = Z($ + Z^q + Z^C + ZtT 

o o o o 

- Lull — LyV — Ly^ W — Lyy.W 

o o o o o o o 

+ ixP - LpP - Lqq - lxz>' - Lrt' = + 1^1)1] + ^-{C + I^x'C 

o o o 

— MuU — MyV — M^w 

- Myy W - Mpp + ly.q - M^q - Mr!' = + Mr,i) + 

o o o o 

— NuU — NyV — NyiM' — NwW 

O O O O O O O 

- IxzP - XpP - Nqq + /-/• - Nrf = + N,p] + N(^-\- NrX 

.4.37 


I- j ( dL^lliai] dl'^jLx-a 4.37 

‘ ^ Clll.1^1 .ixj L_a^)ia (Js^LIal] s^L*JI ^•>"'‘ ' 

(jjSj 4ij^)ia]lj ^jj£-a Ajijalij ^<!luo (j>j ^Uaj 

Ia' i» J dlLjal j43^I i^jAjJa , t _''' (inpUt) dL^L^AAll Jj.1^ 

Clll^ljj.l]| UJ^ J (.5^^ ‘J ^Ifr C1 j'^jL*.a]I sJA (jli siA 

ClL4Ha]l i^jC. .lie. dll jjLIa]l .nl , (coupled) ^jllLa ^j/'l •>!' J _jia]l 

( (jjj .ojlc. (_)^g A _jiall (jjlajll (jli (LIA ' '^"'1' ^ ojJJLi-JI 

. IjIjj dljjllLa jd Adl^l jiall 4£^pJI (jl (j.ial jlialj d'^jLi-ull oiA d ■ 

4jjl51»!i:) is jaJ) dVJbw 4.3 
A^^jlall 4^j^l dVJlx.4 4.3.1 

4 V4ql 4jldluj'^l <jjla!La!41l _jia]l 

Z (normal) 4jjj-mJI s j^I j X 4^^^ jUI s j^l d'^jU-aj 4SjaJI jjj . oxz jUI 

r J P J V Adl^l dl jjidj (jli <dL^ J:J IVI (jl ^jiatiJI ^_jp- j 
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1"'' a"! jjl <jjLaLL4!^l A^L^I- A^^)^l LjajI . jLuij IgJS L^Lailui-a j 

l_^\ , Ajjlxiuj lA.li.1 (jS^j . aLu^j 0 A^ljjJ 

oooooooo o 

X,=Xp=Xr=Z.=Zp=Zr=M.=Mp=Mr=0 .4.38 

Ajli (JjLiu]I jjxiuj aS^>^ ojlfr t _ 'J ■^ t"'' J aS^)^ (jl Luj 

t ja. AjjLuaa 1 •''' a"!jL^I ' ■ 

X^=x^ = Z^=Zt; =M^=M^ = 0 .4.39 

_jia]| AS^)^I .lipLj 4jjLaiA]l A^'^AS^)^I (.5^ ' ij'^j 

4.39 J 4.38 dl'^jU-all 4.37 (j-a ^jl j?-iA\I ^jc-J 

000/0 \ oo 

WtV — ,V,/l/ — ,Vm M’ — .Vm M' — I Xq — mlVe ) (j + mgO cos 6e = Xql] + XrT 

o/o\o/o \ oo 

- ZuU + I w — Zm 1 M- - Zm vf — \Zq + mUejq-\- mg $sin 6e = Z„^ + Zr r 

o o o o o o 

- MuU - M^ w - A/v, M' -t- lyq - Mqq = 

.4.40 

Ajjjiillj aEIaLhII A^'^AS^)ii] ^jlaiLa^iUI A atjt^ 4.40 CLi'^jIaa]! 

(level flight) dylj ^lijjl a^Uall (jl ' ■ LUajoSl Ijj .a^lia]l 

! (jjj iA j jlI jjl.i.-9 j\ is^ ^ ■"'' (jl J 

=w^=0 .4.41 

! ^ jlx^l Lius 

o o o o o o 

mu — A'„w — Xy^M' — X^^^^■ — Xqq + mg$ = X^q X-^t 

o / o\ o /o \ o o 

-ZuU + ( w - Zy, I M- - Zh U’ - I Z^ + mUg I q = Z^q + Z^r 

o o o o o o 

-MuU - Xh w - A/h Vi’ + ly-q - Mqq = M^q + A/tT 

4.42 

tLij.,1 ri\l jiall ^jllLs^iUI aS^)^I dl'^jLaus] A i^ss.a Ajua^ Jauul (_jLaj 4.42 C1 j'^jL*us]I 

(jjSj f t dl'^ jI*us]I d^A-sLiusl] Aj>s3^I Ak^ytji Ai& Ls j^aC. AjS-a-a (j^jSj 

. aLs^j dLA-aLx-all (jd*J 


4,2 Jll. 

(McDonell F-4C Phantom) sjjiy sji.! dLUj jUI dlH us JI ^ ^ LL^ 
10000m ^lijjlj 0.6 ^Ls Jj^la djjia] jaII . 1^.1 (JA 
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p = 0.3809ailliS 
S = 49.239^4^1 ^Lui.9 


OC^ “9.4 Ja^jLuJ Aj^l^ 


j2a]I 


v^ =178m/5 ^>JI 
c = 4.889m 


g=9.Smls^ ^iUJI ^jLujj m = 17642 ^^ 

ly =1656690 Kg m^ u'j^=^ jj-^' ^jc- 

(jl LljlS^jL^ ‘ ^ ‘"'“'j' OC^ Ja ^jiuj = 0° jLui.a J 

' ■ Qg = OC^ (jl j jj' ^ /'I <xuii]lj jjl ^liluij 

ajlya Ia jlii&l <■ _ aJjsLa a^)^l jjjl 4il4.a i^\ t<j.l*a>UI _jia]l i"'' 


I— a J.U0 j 0 jj^-a Ia jLiic.1 (jS>aJ ^ aJjaLull i "'' a"!.« . ^j^a. ^ 


X„ =0.0076 
X, =0.0483 
^^ = 0 
^.=0 
=0.0618 


Z„ = -0.7273 
Z„ =-3.1245 
Z^=-0.3997 
Z^ =-1.2109 
Z^ = -0.3741 


, CllLa^^ILa]l a.1^ ^ 4 ■v'l...VI ^ i.aj 


M„ = 0.0340 
=-0.2169 
M^ = -0.5910 
=-1.2732 
=-0.5581 


JjA^lj J (^.1x21 i"'' (._ 1 2]j (_1^ t <^LLa 4.40 2 jIjl2I 

jjLa.2 <xu2lj <j.i*2l c1i'^jIji2I 2*^^'“’ ■ 1 (3^421 A1.2 j Al.l 

: 1( 4.40 ^'I 

17642£el2.67M-80.62w+512852.94^ + 170744.06e =3755.77ri 
1214.01 m+ 17660.33i&f5215.44w-3088299.7^ +28266.5070 =-22735.15n 
- 277.47 m + 132.47i^ 1770.07w 0165669^ 50798.03^ = -165822.03n 

J . U =V^cosQ= 175.61mls j W=V^smQ=20.07mls 
(1^51;^j) 2jljt2l aiA ajlfr . (rsd) B. 1 ^ ^ uj^ diY. 21 x 21 diljjxi2l 


!4221 4i u^1' \ 


0.0007m + 0.0046W - 19.01q - 9.67830 + 0.2129n 
>&= -0.0687m - 0.2953W +174.868^ -1.60000 -1.2874ri 
^0.0008>&= 0.0017m -0.0107 w-0.3066^ -1.00 Iri 


^CiVjIa.a 4.3.2 

.JaSs J J '-2_jia2l (jAA^JJ 4^l.^'^|- 4^1.21 4S^)2I 
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^Ul a£j^ ^ln]l dj'^jLxJI ^ 4.37 

o o o o o 

m^Yv—(Yp+mWJp — (Yr—mUJr — mg<\)cosQ^ —mg\\f sinG^ =(i^^^+i^cC) 

o o o o o 

-LyV +Lp p-Lrr = L^l,+L^^ 

-NvV — N p p +1^&- Nrr = Ni,i,+Ni;^ 

<Eti<a]| ^jlaiLa^iUI CIi'^jIjlaI] a »u^ 4.45 

(level dijlj ^lijjl j_Pc. JjiaJ o^Uall (jl L^l LUajjal lij .o^Uall ^-»tj.i-N jj' ^.»! 

! (jjj i<jjl^)a!luj'^I jjl.i.-9 j\ is^ _jj)^ (jl j flight) 

Q^=W^=0 .4.46 

! jlx^l Lius 


4.45 


in£i-Yv-pYp-{Yr-mUJr-mg^ = Yi,^ + Yt; ^ 

-L v+I^^Lpp-I^^£i-Lrr = [^^ + Lt;, ^ . 

.A^Ld'^l- Adl^l <jjlli-is5UI dl'^jLsus] Aj^lAA a atjs^ Jaudl (JiLsJ 4.47 

d^ td'^jl*us]l d5Lisl*usl] Aj>is 3^I 4i^)*us .lie. Lsj-isC. A UJ^ ‘Lj. .1 ri\l 

. <Ls^J a d5LisljtA]l (jd*j (j^jSj 


Product of inertia 

iSl 

Linear 

^ 1 

Non-linear 

^ 1 ^ ic**.. 

Linearize 

[a iLi-i. ^»uJ j^) -LjLi-i. 1 

Linearized 


Linearization 


Dimensional 


Non-Dimensional 


Aerodynamic stability derivatives jji^^ Ljl 

Coupled 

<jjlaLis 

Decoupled 

<jjlaLis 
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5 

The Solotion of Equations of motion 


5.1 

>■ j (_ 5 -lc- lJ jA dl'^jljL-a (_J^ ^ tayi^l ^ ^ " 

jl dlljjilLa 

(_iaJI 4ij^)ia (jl ■■'ll (j>j I ■ ^jl . Aj jlI _jA (—4.1^1 Ljajl tAj^j^l A IqlMI 

.AjL^S.uj'^I Aju^ (.5^ o^Uall I A^ljj^l 0 jtli-a]l 

(j.a A£. (JiLsj sA^I j (JS A^L^I j A^*^ ^jia]| AjjllLa!^l A^^j^l Cll'^jLx^j 

. Aj£jjjo!il^l Aja^Ij^I (_3^)ia]lj I g 1^ (jSajjJ AjajI j[La Ajiai. Ajljalij dl'^ jIaaj 
dl'^ jljtAj Ajldalio]! dl'^ jL*a 4]I (Jt" (Jj^jaj Aij^jia Idajl tilLiA 

(JaJI (Jj»J . Aj^jj^I dl'^jL*Aa]l siA (_Ja. Aa^ ^ . S (JajIxaj aJ'^^ Aj^)^ 

dll^^iaaJI (j^* J (J j'"' ■" ’ (_^ 3 ^] (_^ tj.i^»ll ^^1 ’'A’lml j AdLaj AjLaHujI 

.[(^j^Lall) Matlab jjg tM<all ^l^adaiLj Ajjj.mI ~s 

djl^Ljjj (j.aljd j] - (transfer function) Jjja^l u'j^' u^' 

11.1 ill aIjI .Mill Aij^)ia]| a .Hi dlLluia (j^s , A_ujd^ Ajtj.n’i^ A^^)ia jSb — ^Llaj]l 

. j^l 2 il ■v'i.„VI J ^La_^l 5 il ■v''u„VI J ^jljailuj'^l (jC. dlLa^jixAj Lgda ^jj Idajl . A.a.j!ii]l 
dll^lia]| (j-a j) AjojiLall Ajtal^l Aj-lsd]! ^ai Idajl 

, (AjjAaJI 

<jAAalj^l dlLlLoxll ^_ya3Uj (Jj^jaj Ajaujl^ ^>JJ (_]jjaj]l j)l Jpsi (_5-^ l) jA^aJI 

a^LIal] A^ljj^l (jAal_jiJI (_ 5 -lc- (J ‘ ' s^A (_Jj_jaj]l dlLjljpal (j-» . AS^>aJI dl'^jlxAj (. 5 -^ 

Ajljtluo'^l (jSajj Idajl . (^ AJ Vail A^ljjJjjj'^l (_3^)iall (J-^) A tu.ViA (jjia ^l.ladjjlj 

. A^jAjjLaJI 0-al^)Jlj 


SjjUall A^.i-v-..„y Jjj^l diUI jjAI 5.3 

(inputs) dl^Aldiall (j^ A^ljj^l dll3l>l*JI ‘- a^Uall 5 jl ■v'l. ,iV (_]j^jaj]l dlUljpal 

^jjAull (jjSjJ Lade . 5.1 J^mII Aj^ dlla^UJI s^A j . (outputs) dlLajiAall J 
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-laJJJ Cllljlj3l ^ i^jjlaLu ^ dl'^jlx-a (j>j a^LIal] 


Input variables v-jL^ Output variables 


o u 

It' 

-> q. 6 


-> V 

P <P 
r. y/ 


Flyiire 5.1 Aircraft input-output relationships. 

a^Uall CllL^^)i..a j 's.'l.a dlls^ilaJI 5.1 ■'''" 


Longitudinal 
■''ujV 4^ 


Lateral 


^^ 


Mathematical model 
of 

Aircraft dynamics 

» I_li i.A iiuj 


9(5) 

ri(5) 


j <jLaJLjjV jjl J43) 


<(^) 

A(5) 


; JA jILj a] JajJ T| ( 5 ) jll 0 ( 5 ) (jl jiaiJI 


5.4 


^il jll (jl jiaidi j Jajjj S —J (polynomial) 5 j^aJI JOala jA (s) Cjja. 

.4^'^_jia]| Cllljlj3l jAj S J ^ILall Jj.laJI jA A( 5 ) J 


_J ‘"'I ^y''>ll S_jia*dl aA.^!±u^ (jl JJSI a 

m^Ni^ 55 

AW 

-^11 (Jj_j^j]l dlLjljjal (_^ lAjliiuj jA J S J ^LLol] j j.laJI jA A(5) 

L_a^)*J ■ ^11 ' <JjLmj La.lj& J jj^udl Jj.laJI J.l*ILa (_^-a.ujJ A( 5 ) ^ILall JJ.l*ILa 

ajj^ i_L^ A(5) ljl. (characteristic equation) ^jUJI 

.<^1^1 jl A.^ _jia]| ajjUa]| <jjl^)al.jj| 


^K'ioiV (jjjadll CjUI jjAI 5.3.1 

4.40 dl'^jLx.a (Jj^jl dlLjalI j <Ja^Ij^I ‘'‘'IjI-“*II (j>» ^.Ixj (-jIj^I ^Is] 

! [<dl!i]| 4 jua^I Jl 
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-SL 


-fAL.*+Av) 

-((x,-mK] 

|5 — mgcosr^, I 


V / 

/ / . \ . \ 

V V / 

/ / u >1 

/ 

\ 


Mj) 

I (Zu - m ) 5 + Z» ) 

-llz^ + mU, 

|5 — mg sin Of ) 


h(s) 


\\ 

( , 

/ 


<^J) 

- / .A/, i + .KL ] 

(a^‘ - 

AVj 



-V, AV 
Z|) Zr 
IM, A/,J 




.5.9 

u(s) _ N^(s) 


(5.9) 


! diUljjal Lgj-aj 


wCi') _ N^(s) 

ri(5) A(5) ’ ri(5) A(5) 

qjs) _ (s) _ sN^ (s) 


e(s)^N^(s) 

ri(5) A(5) 


5.11 


5.12 


Tl(5) A(5) A(5) 

2 ( 3 ^Aa]I s —j . N" ( 5 ) A{s) 

(jl 2 jSj Aa (^Al diLiljjal Lai 

. jjSjAI 3^ I ■■'ll X ^ (JIALujLj <iaLuiJ (_J^ ^ I g jl^- cJ 

Jjj^l (liUI jjAI 5.3.2 

(3u51j'^ (Jj^Aj .i»j 4.45 ^jl*..a 


(..-r,) -f(''-"4'l 

' ' \+mg cos 9 t ) \ + mg stn Of f 


-/.. 

-K 

.5.17 


- LpS^ 

- 




^s\ 


> '( > V 

Li L( 

iV, 


[=1 


(5.17) 


5 H/( 5 ) = r( 5 ) J s<^(s) = p(s) An 
! (diLajlii] ^L^LujI) (Jj_jAi]l cliLjljlial 


i^(s)_ N*is) 
l(s) A(s) 
v(s) N^(s) 
^(s) A(s) 


p{s) _ (») 

AW 
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it/(5) _ (s) r(s) _ sN^ (s) 

A(5) ’ A(5) 

2 ^ S —J . ( 5 ) A{s) 

(jl 2 ^ ^■’'diLjljiial Lai 


. j jS.Ia]I (_3 ilA]l ^ ^ Ailujlj ^laLuiJ (_J^ ^ I g jl^- l) 


5.2 Jll. 


) ajjlia] ^1^1 (jl^)iatiJI J ^L^LujI ^ '°‘ J ‘ ' L_aj.uj 

i_aj]i] j 2 ^l>a]l 2J1 ^ cijljyi ^ liL^ . (Lockhead F-104 Starfighter 

sLa (jl ^cjHuij (jjj i 0^ = 0 (j^ is^^jjlxx . ^>:»JI ^ L..I ^ jlui^j (jc. (jl jJall 

.^^1 jjLi-a die. dlLl^l 

p = 0.00238 s/ug / ft^ <^1 j^l ^LiS 


= 305 ft / s ^ <jjji.A]l \c. j.u3l ^jA 
m = 746 slugs sjjUall ^ 
= 65000slug ft^ u'j^=^ jj-^' ^jc- 

g = 32.2mI s^ 4;U.iaj^l ^jL^I dylij 


X „ = -26.26 slug / 5 
Xw = 19.82 slug / 5 
X,&=0 
X,=0 


Z„ = —\59.64slug! s 
Zw = -328.24slug / 5 
Z^ = 0 
Z, =0 


Mu =0 

Mw=-lO\‘^slugftl s 

M^=-0.5910 
M, =-1.2732 


Xti =0 =-16502slug ft! s^! rad 

Mti = —303575 slug ftls^l rad 

^_^.a]1*JI (Jju] j iSdtf Clll.1^ ^1 ^liaj _jA (JliLall ILa ^.liLuiAll Clll.1^ ^1 ^liaj ! ^ 


(SI 


0(5) ^<( 5 ) 

13 ( 5 ) A(5) 


( ( 


-^^ ) I 1 jlLi.nil (Jjjjl Jjsl (J 

ri(5) 


‘ A( 5 ) j ( 5 ) t-jLuii. ^jLs-a 2 (3^Aa]l <_jaAj 
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! <j>9j 2 UmILh]! (Jj.1^1 jliiij JV^ (s) ‘ ‘ ' ^iliLa 


(s) = as^ + bs + c 

O O of 


a = mZ-q M 

o f o o o 

Z? = X r| Z U M 1&+ M U 

o 

C — -X^T| Zm M w M 


m-Z 




V 


j 


( o W 

m-Z^ 


( 


V \ JJ 

f o o o o \ o f o 

\4 u Zw 1+2 




V 


J 


+ 2ti 

V 

X„M 


o o o o o 

mM w— X u M M u X^ 


o o o \ o 

\4u — MwXu I+A/t 


V 


J 


J 

f o o 

XuZw~Z 
V 


Z u X w I 


! a. t a b c ^ s^a ^ 4 ijLuJI diljl^l (_>ia_j*j (j^l 

o o o / o ^ 

a = mZ^M&,+ mM^ m — Z^ 

V y 

= 746 X -16502 X -36.4 + 746 x -303575(746 - O) 


16.85x10 


10 


Z7 =-6.77x10 


10 


c =-0.607x10 


10 


(J. b c t jxjJ 


^ N^(s) = as^ +bs + c ab c ^ 


^10 


iV;(5) = -16.85xlO'^ -6.77 x10‘"Z75-0.607x10 
=-16.85x10"'t'+0.402Z7 5+ 0.036) 

L^l xj.i'N .IXJ J t A ( 5 ) 2 (3^^ C5^ C-LujIIaII j j 

■ (_^ ^l-*.*i-l*.j.i 

A(5) = 3.613x10"'(5" +0.925^' + 4.9355^0.1825 + 0.108) 

jpsi 

0(5) _ A^(5) _ -16.85x10"'(5"+0.402^5+0.036) 


rad / rad 


ri(5) A(5) 3.613 x 10"'(5" +0.9255^ +4.9355^ +0.182s+0.108) 

.5.23 




4.664(5 + 0.135X5+ 0.267) 


A(5) (5' + 0.0335 + 0.022)(5" + 0.8935 + 4.884) 


rad / rad 


.5.24 


>■ ^ ((poles) i^UaSl) jj 5^I (j-a (j^jj 5.24 ^ILj Li«.uj3 

. ( 5 ^+ 2^co5+co^) tly^(jS-ajj jls 

. CO cJ^Lk^aiLa ^ Ajxuj Alaujl^ Jsuaj (_]^ ^ jj^"' ■ ' 
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jj JaAill J (phugoid) "LSJJ'dI" (_g-At.j. u (J^^l jj 
(J^Ljad]l (jjSj (jl '-NJ 0o^Uall (jjSj . (shoit pCfiod) "ojjiil 

. (deg/deg J) rad/rad 5.24 ^jU-a jl jjsI s.^j 

ciil. 1 ^j diLjljjil (jl <jjjj (jl LujIj <— 1 ^ . 53.7^^ i_s jdjjj rad j lJ^ J 

, ia5llkl Ub.2j.l^ Lajlj 

Aj jl^)a!Luj'^I ^A 1 (J^IS I. J 5.24 aIjIx-u (jl 

.li^l (j-a . (Jl 3 .ua]l (jl jda]! i—a-^jc- F-104 a^Ua] ^1^)1] A^ljj.l]l AjL^Jjjj'^I j 

A^j>a]l aS^)^ (jl (_ 5 -i*J liA ( a 2 Luo ojLuoI a 1 J JM^I (jl Ala^5La 

j_^lj (_ 5 ic- l)■ 2 0.1a.J olj]3 La ^>a (_^ljjj ^j iAJLuj (jl^)iaa AjlaHujI 

. 2 (3aLa]l ^l.laj.ujlj dlljljjal 


Cil 5.4 


jL^I aIoxioI_jj i"'' o^LSall AjLaLuj'^ A^La_^l Aa.uj^I l) 

i_ajLull 5 4 .y'l.,il i 5 LLa . ^ l».ail (jl J| 5 ».a\l (Jj^jaj 

: JlL]l£5.5 ^jlx.a]L 


p(s) = 


A(s) ^ 


.. 5.25 

■ jJ:?^ UIjIjI dijlS ojjUall (jl i_>iaj 3 (_gic. 


AiaLm^ jA ^(s) dlLajj^l Jaia , 2 ( 3 aia]l oUaxa A( 5 ') jN^ ( 5 ) 


(impulse) AJafill LaA (jjla.la lilliA JliLall ^^C■ . Aa.^^ 

(step) 0jiaiJI (jl jjSIj 
^ (5) = k ', LjJjSj k La jl Aba AJaij 

^(s) = k/ s : k La J Aa o 

t"'' LiS^ja LijI oLixa ^ ( 5 ) = 5 ° / 5 0 jLiAII (jl (. 5 ^ (JLla ! ^aajaall (ja jj) 

^( 5 ) = 5° 0 jLiA\I (jljoSl (_5ic- (JLia . Aa^l oLa (_5lc- Aajlj j dlLajJ 5 ^ ‘'p; oLa 3 
. ( .^iLuJI Aa^l Ijj3 IaI i»-Njl ^ dlLajJ 5 oL^ LiS^ja LijI oLixa 

0 jLa ajL^ ‘"'I lJ^. 1 ^ *—S(J.l*.a AjLajLal (JLla .laLi] ^^) 2 l]l (JLa^V 

\i_$\ k LAjIAa 
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V* J .5.26 

I_ 2 U j j)^»xtil ^ l->iiil^i 5.26 ^jLx-a 

LkJajI (^‘ Lo^) (_]^l.l^lj 4jl»Jlt.j,i^lj (Jj‘ ^^ 

1 ^ LaS) (IVI&tl&b) l 5-* 5_l^jjjjLiJI <jl»Jlt.u^I (jS>aJ 


5.3 Jll. 

(unit step) a jIts sjIjLo j (_J^ia] F-104 SjjLIa] (jl^jiaiJI ^L^HujI .1^ 
jib 0jt.-'SII (_^2ji (jl • 5.2 (Jli-a oJj-all (jljJall i—a 


0 (0 = L 


-1 


5.24 <3jI»- 9 (j>j (jjj ( 0.1^_jj 

4.664(5 + 0.135)(5 + 0.267) ^ 


5 ( 5 " + 0.0335 + 0.022 X/ + 0.893.S + 4.884) 


.5.27 


Matlab 




. 5-i. u.ii. 


JuJ^\ aijL 


Matlab ^.aljjj ^ 4 1. 4 ^4ij • 

t _ ’ (_5l t S jJau-ull L_a^>*j ^ • 


syms s 

! i Matlab 5.27 ^yi i—a^)]a]l t. ri5i ^ • 

ilaplace( - 

4.664*(s+0.135)*(s+0.267)/(s*(s^2+0.033*s+.022)*(s^2+0.893*s+4.884) 

)) 

^ I j jit> 5^1a s^2 J (l^') i_yi JrJj^ J* ilaplacc 

. 4_J^)AJa]l 4 .x51& * J (( jj~^ 

J. ja Enter iaiJaj ^ • 

-127359/81400+3607356967/5344848100*exp(- 

33/2000*t)*cos(l/2000*86911^(l/2)*t)- 

3658795736089/464526093219100*exp(- 

33/2000*0*8691 l^(l/2)*sin( 1/2000*869 ll^(l/2)*t)+653174612486711 
3/6271225606862301800*exp(- 

893/2000*t)*110879^(l/2)*sin(13/2000*110879^(l/2)*t)+38707565205 

41/4350706353400*exp(-893/2000*t)*cos(13/2000*110879^(l/2)*t) 

u'jjaVI jA exp(....) cj^ 
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^1 JsLud^l .^XJ j 


- 1.565 + 0.667^-°'’"' (cos 0.148? - 3.469 sin 0.148?) 
+0.891e-‘’ (cos 2.164? + 0.389 sin 2.164)deg 


5.32 


! j jj.1^ c1j51j f^jAiJsLij 5.32 <3jlxAj ^ 3-i» ^31 
ajLj s^)lluiA3l <3Lai3 dijlij jji"' ■ ■'.» j jAj i —1.565^^ .liJI (l) 

. 0 jjUall ((gain) 

.ijjall t(phgoi(i) Ja-aj]! dil^ljjj (jx <L^LaJI <aaLuia3I j .i^JI (2) 
jli t ^ ^ w ^ = 0.1017 ra jl Iajj = 0.148 rad / s J:"!' 

. ^^=0.115 J j' 

‘(short period) SjHill JaAill dil^ljjj ^ya yi,j .laJI (2) 

^ = 0.447 rad / s Ji Lajj = 0.148 rad / 5 j^I Ji1\ cj^ 

. ^ ^ — 0.207 (J^Ljaj3l (jli ‘ 


<ia^5La 5.2 ‘'''" ^ 'JJ■■' 5.32 aIjIx-uj ^ ^ ^j-dl <^La_^l 

IjLgj ^ -^jc- y"' ‘ “J i _9^^ 11 ^ 1 ya ' ‘ , ^jj^ljjdl 


■ l3J3 



Figure 5.2 Pitch attitude response of the F-I04 to a 1° step of ele\'ator. 

. V’ IAjIjLo 0jIts 1° .lie. F-104 a^Ual (jl^)iaiJI J 5.2 2^*'''" 


PDF created with FinePrint pdfFactory trial version http://www.fineprint.com 



















































^ (5.2 2^(,5 ^ lJ^U at^5La) 

dll jiaiJlj ^jij Matlab 

aJIj]I sjja^Ij 5.23 <3jljt-a Ja.uj2l (.djSj • 

n = -16.85*10^10* [1,0.402,0.036] 

. j S (_J-aLx-a jlb 0.402 J (J-alx-a jit, 1 

<JlS]l ".’ j»li-4l (..diSj • 

d = 3.613*10^10* [1,0.925,4.935,0.182,0.108] 

(^liLa G AjAijii]j) (Jj_j^j]l (jl Jpsl t 1 jj^l • 

G=tf(n,d) 

Transfer function: 

-1.685e011 s^2 - 6.774e010 s - 6.066e009 

3.613e010 sM + 3.342e010 s^3 + 1.783e011 s^2 + 6.576e009 s + 
3.902e009 


step(G) 


^IjSj (step) 0jiadJI ijl^Laduo'^l (j^l • 


oic|j rica|.iijiisc 



<dlj 100 ^1*1 j 350 LiA ^».uj^l 5.2 (_JSd]l (j& <alii-a j 

. 5.2 J^l ^ US 
( 

jL^I (_Ja.l (j>j <LjIS]I ^dLa^^l ^LaSuj'^l ll tu^ ^jj^)da]l (j>j ^I 5.3 (JliLall 

d^ldajll ^duij) Aj.u.id^l ^j^‘l 1 II dII ^jS.aj , <^ljj.l]l JaLoj'^l ^j^‘l . 
^LaJI (gain) (jlJ^l t^l ^(“S) Cy^ a^yl\yi (jUadl] (^*jjt.>ll 

! <dl^j]| ^ ■■'Jill <jl*duj'^lj I ^ jlt~- (J(jS.aj a^)SdjiA]l 
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/(a^=c = lim(^/(^)) 


/(0,^0 


J <-a^l <Jj]aj) o-lli-a tilLiA LjajI 


lim(^/(^)) 


e(5) = 


5.4 Jll. 

. (^LuJI (J11L4]I o^)aluiA]l <Sl^l 

^L^Huj^yU [_jjj^)LjV (^LuJI JIIIaII 

- 4 . 664(5 + 0 . 135 X 5 + 0.267) 

deg 


5 ( 5 '+0.0335 +0.022 )(5"+0.8935+ 4.884) 




r 


/(0,^=o = lim 


deg = -1.565" 


- 4.664(5+ 0.135)(5 +0.267) 

( 5 ' + 0.0335 + 0 . 022 X 5 " + 0.8935 + 4.884) 

y 

, J)\j^Aj^\ .lie 2 cJliLdl ' il. j 


^^jLuuIl ejUl jj^l 5.5 

! (jS-sJ o^Uall j.aaJI & j' ..mU (jljpsl 


n;^ ( 5 ) 

A(5) 


A(5) 


a 


(s) s{n:(s)-UX(s)) 


.5.24 


ri(5) A(5) 

(jS.aJ J^dall ^ iS'^ j-a»JI ^ jLujjl] (jl JJSl 


a 


(s) s{n:(s)-{U.+XK(^'>) 


ri(5) 


A(5) 


.5.25 


. a^Ual] jl^l 5 ju _jA X 


5,5 Jll. 

^4^+4^ (jl . 5.2 cJliLa ajjLIa]l 

diUI jjsI j JJ ^ = 305 ft I S Ia j ^HjIj jjJall 
nUs) - 4.664(5+ 0.135)(5 +0.267) ,, , 

A(5) (5 V 0.0335+ 0.022)(5"+0.8935+ 4.884) 545 
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K(s) -22.147 5'+0.0355+ O.O22V5 + 64.675K, , , 

-= 7 -+-^- - - {ft I si rad 

A{s) (5"+0.0335 + 0.022X5'+0.8935 + 4.884) 545 

L^Jc. (J(jS-aJ 5.46 j 5.2 (_J^ 4)^ ' li.5.45 ^Jlx-all) 

. 2 (_5i4a]lj 

2‘' dllj^oL^'^ljj U^ J 5.42 aIjIxx 5.46 J 5.45 Cll'^5l*.<a]l 

'■ 

Kfs) - 22.147(5 +0.037)(5-4.673)(5 +5.081) 2 , , 

-= 7 -+-^- \ft/s^/rad 

A(s) (5' + 0.0335 + 0.022)(5' + 0.8935 + 4.884) 

. 5.3 2^*'''" U+^ 1 sjl^La a jIts l) ^3+ 



Timef(s) 


Fljiiii e 5.3 Normal acceleration response at the eg to an elevator unit step input. 

^1^)1] ^jL^I 0jIts (_J^ia] eg •5jc. 5.3 (_JS.i2l 

^Lwdl CiUI 5.7 

' g (jl ‘ lAljiil A^l+al dlljljjal l+sjlj ajlc 

.^LLuJI diljljjal 

jVl AjUjLuuV C) 5.7.1 

! (jS.aJ ^ J:}^^ 25*..a 

^VJd-w .5.115 

! 5l!l.a ' ^ J 
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h{s) _ 1 
ri(5) 5 


y 


0 ( 5 ) W(5) 

'ri(5) ri(5) 


Kis)_\ 

^{s) s 


Kis) n;{s) 
° A( 5 ) A( 5 ) 




w 

a = — 

y 


(jV j lajifcJI J MjLaiuuV (JjjaJil) iji jjfll 5.7.2 

! ^jl _) (J,2x.a 

5.119 

! 51!Lis 'g '■■'j 


ais) 1 w{s) 


^is) 

Kri(^) 

n;(s) 

1 n;(s) 

A(s) 

K a( 5 ) 

P-- 




| 5 W_ 

1 v(s) 

^(s) 

K ^(s) 

(s) 

1 N^(s) 

A(s) 

K a( 5 ) 

| 5 W_ 

1 v(5) 

CW 

K C (^) 

(s) 

1 N^(s) 

A(s) 

K A( 5 ) 


5.123 


! J 


5.123 (j>j LjajI 
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w 


y =6 -a =6 - 

V. 


y(s) _0(s) 1 wCi') 
r|( 5 ) r|( 5 ) Kr|( 5 ) 


iv; ( 5 ) _ iv;; ( 5 ) 1 n;(s) 

ri(5) A(5) A(5) 


(Ji jLut# ji (Jjjaji) (^\ jjfl) 5.7.3 

j_5jLuij Y jLui»a AijO 


5.127 


5 liLis'g j 


5.8 Jll. 

y h (X Q (j w u c1jIjL^j.uAU diLjljpal uu^l 5.2 cJliLa s^Ual] 


(JliLa ^ LiLtSJ ( 2 (3^-1^ ^Lju.uo'^Ij 


N; is) 
A(s) 


l^\ ( 0 ^ l' -v"!. .iV (jljjsl 


(s) _ - 4.658(5+ 0.134)(5 +0.269) 

A(5) ~ (5 V0.0335 + 0.022)(5" + 0.8925 + 4.883) 


!dulSj i 5.2 
rad / rad 


(JliLa (j.a Cllljl^l) 2 (JilaJ <jL»J.uj'^lj i_J 


A( 5 ) 


i q ^ 4 -v"!. ..V Jjj^JI (jl 




! (jjSlLuj t \l .ixj J i (5.2 

_ - 4 . 6585 ( 5 + 0.134)(5 +0.269) 

A(5) ~ ( 5 " + 0.0335+ 0.022)(5" +0.8925 + 4.883) 

K(^) 

(JlLtt diUl^l) 2 u-lu‘ ”■ 


rad Is! rad 

i^\ i u Jj(jl 

A( 5 ) ■• 

! (jjSlLuo t '' Jxj ^•>/’’" J t ( 5.2 

^“(s) _ - 4.664(5+ 0.135)(5 +0.267) 

A(5) ~ ( 5 ' + 0.0335 + 0.022)(5' + 0.8935 + 4.884) 

KM 


JliLa (j.a dlljl^l) 2 (J^Aaj <jlji!Luj'^lj i-J 


A( 5 ) 


rad / rad 


! (jjSlLuj t \l juu ^J i (5.2 
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N;;(s) _ - 22. 147 ( 5 " + 0.0355 + 0.023)(5 + 64.675) 
A(5) ~ ( 5 " + 0.0335 + 0.022)(5" + 0.8935 + 4.884) 


ft / s/ rad 


J dlljljjal jjJ (j^l 

(Y /z OC ) j liA dlLjljpal 

n;(s) _ 1 n;(s) 

A(5) K A(5) 

jjj ‘ ( 5.2 JlAa ^yi) 305 ft/ s iSjL^ U^ 

A^“(5) _ J_ - 22. 147 ( 5 " + 0.0355 + 0.023)(5 + 64.675) 

A(5) ~ 305 ( 5 " + 0.0335 + 0 . 022 X 5 " + 0.8935 + 4.884) 

- 0.073 ( 5 " + 0.0355 + 0.023)(5 + 64.675) ,, , 

( 5 " + 0.0335 + 0.022)(5" + 0.8935 + 4.884) 

Y (jljpal Lai 

1 n;(s) 

r|(i) A(j) y„ A(j) 


Lij...yill .laj (J.t<ajLuJI ^*j‘^ 1' <^LLa]l diLI jjsIj 


Nl ( 5 ) 


0 . 073(5 + 0.036)(5 - 4.636)(5 + 5.085) 


: rad / rad 


A(5) ( 5 " + 0.0335 + 0.022)(5" + 0.8935 + 4.884) 

h A ■y-u-.V (jljpal Lai 

/ .. \ 

1 
5 


A(5) 


^ n;{s) n;{s) 

° A(5) A(5) 


! Lij. .,y\\ 2xj (_Lla iAIjLuJI ^*J‘^II 4.it.ul.La]l (_]j_j^j]I dlUl jjilj i_>^ 

K(s) 22 . 121 ( 5 + 0.036)(5-4.636)(5 +5.085) ^ 

A(5) 5 ( 5 " + 0.0335 + 0 . 022 X 5 " + 0.8935 + 4.884) 

A^X5)_KiV,^(5) 


(diiAYi (_5 Aj) 


A(5) 


A(5) 


^i^LtJI LjajI 1} ‘ II I ^1 ) 


( 


Input 


Output 


Laplace 



^>2a 


PDF created with FinePrint pdfFactory trial version http://www.fineprint.com 






























Transfer function 

Jjj^l (jljJSl 

Polynomial 

Characteristic 

J j.1^1 

Phugoid 

Short period 



Frequency jj 

Undamped natural frequency Jj 

Short period Sjjil' 


Impulse function 

Step function 

0 (jl jjil 
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6 

Longitudinal Dynamics 


Cil AjI^IuiVI 6.1 

' ~ !)liLa 5 0 . 1 ^j (_ 3 ^)iaJ — _jia]l (_J^ 

dll^ljj^l (_]>sl£ (J^ ^ j , Cllljlj!l3l 

L 1 \l ^ ^j!luus i"'' 

Li^jj.aj ^<jI.^I 1 uj'^I dll jji!i-a J (Jj_j^j]l dljljlial .a^Ual] ^jl^)iluj'^l 

. ^ jl jiLull <jl j_j]l (Jd!)la]aj a-lji-a ^^>^1 (jl (j^ljoSl (_ 5 ic- (_ 5 -ij (. 5 -*^^^^ 
‘ ■ '* ‘ ^_^l d!)lala]l L^LadujI (jS.aJ dljl jj^^l a JA (jl (j^^)ij (jl (jS.aJ ajlfr Ldjl 

(j^ljoS'^l I^A (j>j ^Lill liaiJI (jlj ^..lilaj]l dl^Uall . a^jii ..o lAjLii&l 

Lai . jl!ixA]l l^l jjia I—a!)l£. ^jL.-i.il U_J^ dl jjUall aJA ^jdil . ^-i. tLud 

. (JjjLa ^ Li- i.il (.^^j^l (JLoxilujI (jlj 1. 1 ^ l) .J^ I—a!ilc- dl j dl ^LIa]l 

^1 j_j]l (J^ 1^1 a jjUal] _jia]l ^ il-v’i-.iVI <ji^l^).a UmI l-all (j>j 

! AJliill ajjA^Lj . 2 ( 3 il-a aJ_^l 4£^)^l d'^jLxx <jtiS (jS.aj , dulj ^.lll 

u(s) ^ N"is) ^ /^„(iy + l/rj(5"+2^„CO„iy + Co/) 

(/ + 2^^co^iS+co/)(/ + 2^^co,iS+co/) 
w(iy) ^ ^ ^^(iy + l/7;)(iy" + 2^„C0„iy + C0„") 

(-s' + 2^ ^cOpiS + co/ )(is' + 2^ ,co,iS+co/) 

q(s) _ N^(s) _ _ ^^(5 + 1 /rg jjiy + l/rej _ 

( 5 ^ + 2 ^ ^C0^5 + co/ )(is' + 2^ ,C 0 ,iS + co/) 

9 (iS) _ -/V^^ (-y) _ _ + + 

(-s' + 2^ ^cOpiS +co/ )(is" + 2^ ,C 0 ,iS + co/) 

(l^ (Jjd (."umjI j 2 t_j^l-a d'^jl*.*!] 4tLu^ ajl&l d'^jlatAll a^A) 

. <Jjl^)aluo'^l J ^ J*j;Lill dljjjj]l J (JyLdd]l l_jd ^ILall jA I l-ag J JP^I 
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6.1 (Jll» 


^ t Ling-Temco-Vought A-7A Corsair II ijMal t ^ 

cllljl^l Ij^J ( 0.3 15000^ a jIjiLj dijlj ^liijjl (_gJc. (jlL_ajjia 

' (f jj' ^ /il 

=0.00501 0.00464 x, =-72.9 Xg =-31.34 =5.63 

z„ = -0.0857 = -0.545 = 309 Zg = -7.4 z^ = -23.8 

m„= 0.00185 m^=-0.00767 m^=-0.395 mg =0.00132 

=-4.51576 

q w i diljl jjsI i y oc 0 q w u diljl jpal t ’ (j^l 

Y oc i dlljljpal Lai ( (340 ^ ^ a ■ 2 <jl»L.t.M^lj I ^ jlt~- (J‘ ’ 0 u 

^ jLuoJ (_^l j JJ^ iS jCaJ 5.7 ^4.>il-l<a]l dlla^LtJI (j.iaJ_^*L]lj l§Jc. (J. la 

1058yi / S i _$jLuij dlj‘ ^11 A£.^).uj) j_jSAa]I ^lijj'^l (jC dlj‘ ^11 A£.^yx ^La 

((.^S/l ^ J'44' L>- cilli 

! <2ll]l <3 Ua^Ij dljljllal La] Lj...nil .ixj 

1/(5) 5.63(5+ 0.369)(5 + 0.587K5 + 58.437) ... . 

^ ^ rt/S/r30 

r](s) (5- + 0.0335 + 0.020K.5- + 0.9025 + 2.666) 


M-(5) -23.8(5--0.00885+ 0.0098)(5 +59.048) ^ 

- = -z-ft/s/rad 

f]{s) (s~ + 0.0335 + 0.020)(52 + 0.9025 + 2.666) 


qis) 

>l{s) 

m 

Jlis) 


-4.5 165(5 - 0.008)(5 + 0.506) 

(5- + 0.0335 + 0.020K5- + 0.9025 + 2.666) 

-4.516(5 - 0.008K5 + 0.506) 

(5- + 0.0335 + 0.020)(5- 4- 0.9025 + 2.666) 


rad/s/rad (degVdeg) 


( 6 . 8 ) 


rad/'rad (deg/'deg) 


Qf(-y) 

tl(s) 


-0.075(5--0.00885 + 0.0098X5 + 59.048) , ^ 

—=-a-rad rad (deg/deg) 

(52+0.0335+ 0.020)(5“+0.9025 + 2.666) 


}/(5) 0.075(5 - 0.027X5 + 5.004)(5 - 6.084) 

~n(^ ~ (52 + 0.0335 + 0.020X52 + 0.9025 + 2.666) 


radVad (deg/deg) 


. 6.8 


t jL^L ii]jida]l ^ILall al jLuaaj (chaTactcristic equation) ^jLlJI ^ cU 


( 5 ' + 0.0335 + 0 . 02 X 5 ' + 0.9025 + 2.666) = 0 
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(! (_gJ& I (5 ^ + 2^0)5' + CO ^ ^ iJS ^jlLujj) 

aJj ‘ (phugiod) Ja-oj ^ S jjAAll 

1 \i 

^ ^ =0.11 (J_^'. Aiijjj 

COp =0.14ra<i/5' jr^ll jjjj^I 

( ^ + 2^ p®/?AjjlLalLj a' il. 


i (short period) ajjail JJ^ .i.:jji] ^jl jaluj'^l iauaj t—L-aJ S jj-aJI ^aJI 

1 11 4^^ 

=0.28 (Jjl Axujj 

CO^ = 1.63 rad / 5 jrj*!' jjjj]! 


Axujj (jl la^'^ j_5^)luj il^LjjJ jJjI o^^Ijma a^Uall (jl ?-i.ai\l liA ■ ^A 

. ^a^jae J^Ljad]l 

(_J£.ii]| (j:}f^ (^” ) ® jt.'A (jljp3^ cJ^-^ LS^ (_J^.1a] o^Uall ^L^Huol 

6.8 aJj-dl djIjjaLLdl ^J-a^ AjL^HujI (j^ . 6.1 
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Fl”urc 6.1 Aircraft response to 1° elevator step input. 
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6.1 


(_J£ j ^ _jj (j^ (_JS.ii]l dlljl^Huj'^I 

^jJaj\ (j^jSj ojoill jXk^a LJdjjj]! ( !)liLa . ^L^iuol lJ^ t ‘ol'iA.-| Ja^j 

^J>4^ ^)ALIa dlljjaLLall ^j.a'N lag'll l-ad t OC ^ W ^l^djl AjI.1j 

_jA j ^ILall _jA lAJ.laJ La I g >u'i I ^ il ■v'l.,.VI <jj|^ja!lujl ' * 'L. A ijl n/> 4.<a^ <3 dljjjLLall 

Li..ill ^ jjj ^lj3 dLLada'^l ^Lai ( 6.8 <3jl*..a (Jj_j^j3l dLljlisI ^J-a^ liljlda 

.ojjS.1a3I (Jjj^jII dUI^^'^ 

a^joill Jauaall (jlj t U _3 ^Lj.i.^ll ill ^jl 6.1 (_3Sd3l i^ja i 

■ 0 (jUadllj t q J W —3 j l-iUM x il l jA 

a(j^ (_3^.ii (. 5 ^ <L^LaJI dl jji!Lal3 a^jlLiuJI <3l.aJI 

(Jjj^'ill dLljial . ( 5.33 a3jI*.a 3I) A^l^j3l <.a^l <j^)iaj ^L.,il ^ l^Lm^ L)^^ 

! ^1 tldajl r&d a. 1 ^^ a_jiaiJI (_J^ia <jIjS t IL3 iTflCl B.la .^ 6.8 d'^jLt^ 

, , r 1 ^ 0.0175 , 

ri (5') = — =- rad =- rad 

s 513s s 

jlt, ^1^)33 (l° ) a jIts (_J^ia3 4£.^).ui3l A jl .v*!.,iV i(JLLa3l (. 5 !^ 0L3 

. s 5.63(5 + 0.369)(5 + 0.587)(5 + 58.437) 0.0175 , , 

( 5 "+0.0335+ 0 . 02 X 5 +0.90255 + 2.666) 5 

; (J. 1 5.33 <3jL»..a i<^L^I ^ -"jail <J^)]aj (jjdalj 

' 5 . 63 ( 5 + 0.369)(5 + 0.587)(5 +58.437) 0.0175 ' 

(5 V 0.0335 + 0 . 02 X 5 ' + 0.90255 + 2.666) 5 

= 23.39 /?/5 

ajljj (_ 5 lc- ^1^-41 ^)i!luij ^LaLuj'^l (jlj i a^lia3l A^aSLa (jdii. al^L (j^jSj (_li.d3l (jl Laj 

. A ij.'i^ .ill A .njall 1 4£.^jjjj3I 

- ( ss IjLdrkl jl) (steady state) - ajaiuaJI ^LaJI a^ ^jidl ^J3^ 

dijjudall (_531 j3 


U 


w(0 = lim 


5^0 
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= 2339 ft! s 
=- 4 . 53 /?/ 5 
=0 

e.= 0 . 34 '' 

oc.=-o.8r 

T.= 1 - 15 ‘’ 

SJjaaII 6.6.1 

liljiuLu]! ^ILnlI _jA j (j.a _jA a jj-HAll J 

is jj-a-ull < 3 jL*.- 4 ]I fo ■ ; AjjLmj L 9 .ljc. j i ^ j' ■v'l. .^V dlljljj^^ 

■ 

As^ + Bs^+Cs^+Ds +E = 0 . 6.11 

! ^jua^Lj jI 

(‘s" + 2 CpCOp‘S+(o/)( 5 " + 2 ^^co^ 5 +co /)=0 .6.12 

JaLajI . (ojoill j ^ i' -v"!..il Ja^j ^ ‘°‘ U:J'^ lJ^ iLi^^).ui LuS 

(/alS >■ <..o j 6.12 aIjI*^ JaJj.a]l Aj/I 

5 ( 3 ^X 41 ^-^^3 JaLoj'^l a.1^ AjL^Huj'^I 3^^' ■ ^A al . a^jit ..o Cll 5 lH 4 A.Ja 3 X. 4 l a^jlial] 

, (_]lXa) (J*' ‘ ^■*'3 aIjX j (^3^3 ^liaj] 33^ .maII JliLall ^C- ^41 

AjjI jHuuVi laLajl 6.2 

33]! J (j-» a^jUall Alila .lie 'Ag\j»qi fh A^'^^iall Ajjljiluj'^l XIX 

jl ^3.13 / 3 'QA (J^ia t 33 "J (J‘ ^ Vala\l 

. IAj^j 3^1 CllLiIa.a]l dllj^lj 

S jlill jlaXJI uLlUl 6.2.1 

Oy 33^^ l) 3^ 3 " C5^ (_JjL 3 a!La (-jXjij ^ ^■J3‘ 3* ajoill JaAi]) 

AjXjj £33.^ (.5^ liAiil liA (jlj ^'^'3^Ail 3133'^! 3 (3^ a3jLIa]l Alals ''33 -“j , 

(Lla^a W 3) OC -iajLuJI AJJI3 A.uj 43]I Clll3;ULLa]l 3I tAAjlii]l A^3ll (3>» Aj^^uXlS 

. ( 6.1 2 $^) 6.1 cJlXa ^ liA Aiai. 5 La (jS-aJj . 0 313)1^11 33 (J 313X^1 Jja-aj 

JyL3a3]l t 10 rad Is 3 Irad Is Cj^ JoaXI J:«1' .1^33]! 33SJ ajl& 

3^1 , 4 _J^HaAll i^jA (Jal ajl& 33S3 (JyL 3 a 3 ]l Axmj 3I ^3]lj 3l3ilujl (_JaI& ajl& 33SJ 
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1.1^ ajoS . (u — O) 'CLIj 4£.^)^I (jl ia>^l liA ^Ix-a 

. a 

(_J£^I LuS (_JjLja-a j j l^jjjlLaJ Jj-a]l ijf' 

^ . 6.2 2^*'''" (JS.ii]lj a^Uall <lal3 Clll.1^1 .lie. . 6.2 

^ ttiyi^ (J^ ‘'‘'J cJj^l (.5^ U_J^ (.5^^ j) Ajj2iJ liA (J*' ‘ ^■■'^ 

. (Ja-aj]! IjA 

(JiLa) t a' a 1 - 1 . 1 (Jj-® ‘. Lijj <^LuiA]l) a j3 

JJjjj liA (_5-a.uoJ lillj]j aL^I dl(.5^ ^^Jri l5'^^ 

( weathercock ^4;^' 



11 = 0 

Fifjure 6.2 A stable short period pitching oscillation. 

Bjai]l jalijiA ujAjjj 6.2 2^*'''" 

(phugiod) iaAii) 6 . 2.2 

J ^^llLaj U ^_paidLa 2*' ‘ '''^ jl^ Jad]l 

W j) OC JaAill liA ^dalj ^-»W .a t^ljA . h j 0 (jl^)iaaJI 

(_5ic- . (6.1 2^-^) 6.1 2^^ ^ Aia^!)La ■ ''1^121 2-^^ ^4^ (.5^ (' ' ‘ ^ 

422 (.5^ ^'l»a2 2^ dll _J^ 4 (_5Jj 2I iad]l 2^ Ja^!4j 2^ 2^ 
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jjiJI ajlfr . a(J. 2 x>j j (w j) OC -la 

. 44 ^j i IradIs j O.lradIs 
LaS <&^).uj]l <lil3 ,2«J (J - -Luaill ^ 4 ■v'l. ..VI 

. Ia jl-lLa aj^jjoiA dijlj ^lijjl (_5-lc- J^laJ ajjUa]l (jjSj I^IJjjI . 6.3 lJ^.^1 

t _ \'-"j L-S jjM . U t-o ^l-lLoj a^Uall Ac-^yM f<1^ <j| 

'_a^j-uoj . (^^^j-uoll) 6.3 (_JS^I <ilJ>a]l 4 jjLiJaLi-a]l 

, ^^ ^J^1 (_]jl-^^ajj J UJ^jm 




t/>Fn 


Fimire 6.3 77 ie development of a stable phiigoid. 


^jjJ J^l 6.3 


(reduced order models) ^jl) kdak^ ^ jlAil) 6.3 

L_a.lA jib ajl& I^A (jl .s^LIal] j Aj jl^)aj.uj'^I 

t _ Ljjjl I jj l 3J^ ^l-lij-uol t _ j^\ ‘ ijf '‘”‘*' ^ ijl 

(j^ Aa^ilc J 3^^"'“''"" (j^ J 1 jj.a t A^lj]l J i 1.1^ ^)a]I 


(J^La t _ (jS>aJ . A^ljj J J I i-'l j ^ jl j^hd^ I 

.a^Uall dll^LjjJ ^ A^ljj^l ^1 ^jiaU ^ I-*"' j A^^)aj]l 


SjjaII jAi^ JaaIII c_uj^ 6 .3.1 

<>=• J* 1 (^^1 ^jLa-a ^liaj ^6 ^J.alj(Il]l ' g 'JJ ^j») dlLjal j t"'' -"j"' s-lC- -IxJ 

! J iojji]l jj- -Ix-ajll AlLa. ^ ^Lxill diLjl j!i3^ i_jj^)aj 


>V(5) 

ri(5) 




s + U. 


m^ 






^ Kis + l/Tj 
JiJ ■s' + 2C,co,5+co, 


. 6.17 
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q(s) 

ri(5) 




(^a + z.„)s + () 




5' + 2^^^co,5+co, 


. 6.18 


GC^) 1^(5') ...^, „ „, , , .Qis)^,, ,; 

-=-<jl)>Jlt.j.i^lj ' 1 ^ (J.-<3jL».a Lai 

7](s) 5ri(5) ■ ■ - 7](s) 

^1 ‘ (J^Ljaiill AjMijj CO^ ^*jjLill jjj^l djla^^Lill sLa ^ILa (J^' 

2^.®. =-K+Zw) 

.6.20 




^jialuaj Igj-aj t 1 (_ 3 ^Aa ]1 ^ ^ 'j; ■■' A^ljjJJJ^yi dlLlluLallj LiA 4 .>j.liLuiA]l jj-a^l 


2C.03, =- 


f o 

M, Z 


M 


+—+ 
m 




CO, = 


o o 

O 

A/ q 7 jw 

M„U^ 

I m 

y 

/, 

O 


1 



> . 

1 O 


Ld 

_1 


ly 



. 6.21 




. 6.21 


CO, = 


i eg ^J-a (_5lc- A.ad*J Af w s jLil . (JjLlI dll^LjjJjjjl iaJ*J w ^'^"utixtll <-a^ 

j)iluiA a joill jJa^ 3 L/i ill jjjj , a^Uall ^.iLa] <-J^I Cg 11 LaAic. <^Ljo ^^I 

o 

M w sAic. (j^jSj (_5i]l eg _il ^ J-a .o^Uall ^.-aJlLa sL^L .luu eg _11 (jl.^ Ijj 

o 

C}M\ (J^aIa M. w (JjIj« 1]I <iaaj ^ .a m J j_5jLuij 

adic. (^L]l eg ^J-* ‘ 6.20 jl 6.19 ^jLt-a] ^.a^Ual] ^"iiLill i"'! 

.a^lial] 4!ijl!i]l i"'! ajjlj]l <Jaaj ^t.j.i.aJ ^jLui.a e 


jjj,il\ JoaIII c_uj^ 6.3.2 

(jjSj <jijS^I AjJjla j (jl jjia]l Clll^ljjJ <jjjl ^J.aA'^l iJ:ll 3 a.1^_j] iaAj]l ILa 

, JaAj]l I La ^^^1 B^LIa]l (J^jg I <^ljjJ J^'^l (J^‘'l ‘ ^'^11 i—aj^)*J 
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C5^ djLiLoxJl ^)JJ^I .^xj 


=-\ 


Xu 


m 


^P = 


gZu 

U„ 


gZu 

mU„ 


6.36 


QA ^ p U_J^ ajl& 

(aajLuJI (j>j 43J (jsl j) ^ (_5.5j dlLjaljoSl j ‘"'' ‘‘'.''' tl)^^ 


g^ 


= 

V, 


6.39 




V2 




6.40 


4x^1 a .lib Lojj ( 4 a jIL 4I 4it.j.ij uJajIjjj (J_^' ■ 4jAij ^1 

.Lila (jl (_ 3 fA IaS (jjSluj3 tdiljjUall ^ ^Lc (jjSj (jl t_'-vj 


6.2 Jll« 


L_aj^)la (jASi aic. 6.1 (jIaa ^ 




! l^AA 4jAAillj ( . ) ®^0all dlLil^ ^ 6.1 cJ^ILaII tjjljJall 

z^=-23.8 =-0.545 =-4.51576 

m^ = -0.00767 = -0.395 


7 1 ■■'; lilljJ dll^la^l 3i& 4ljlLall a'Ub (J(jl t _ '-vj 

! ( I AaI ) 4JLill (.5^ 3 ‘ ‘ (! 1 Jj) 8 J 

^=-24.4568 z^=-0.49774 =-4.51576 

m^ = -0.0079 m^ = -0.39499 

U,=316 


dllilJjal (_gi& JjA^aail OC — wIVg ~ WlU^ I^J 6.18 J 6.17 ^alxA ^ (jiajxj (j^l 

; Jjj^l 
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w(s)_ 

-24.45X^+59.015) 

Tl(i) 

<l(s)_ 

(/+0.893S+2.704) 

-4.5ie(s+0.455) 

T|(i) ( 

a(s) 

'/+0.893?+2.704) 

-0.07X^+59.015) 


ft! s! rad 


T|(i) (i-+0.893s+2.704) 


6.43 


dllajji]l ^jl-v"u,iVI ^ (Jj^j^Iill dljljjSl (jl (j-a 

! _jA (_ijlLa]l ojoill (jl^)iaiJI ^-dj .ojoill ojJ.k^3 ^^)^l a^)iaJjjiA]l 

eWaiW= . 6.44 ^ 

ri(5) 511(5) 5 ( 5 '+0.8935 + 2.704) 

I g ll tj.1^ 6 Jji]l ^LdiLa 55 j!1]I j J^Ldj]l (._ UmiI ^a^l 

! ^_5jLuijj ( 6.21 
^ ^ = 0.27 (_]^Ldd]l 4.it.j,ij 


CO^ = 1.64 rad / 5 cljldla j^l 55 jj]I 

6.1 Ai^^ll ^a^l (3^ J 

1° a(jljMS'^ dLjL^j.uj'^I .^1^1 (_J^d] ajai]l a^)j.k^3 ^jL^HujI .li.lj] (j'^l 

^a.uo^l (jjaSj (_ 5 lc- ^daj>a Idajl . 6.5 (_JSd]l 6.43 ^jlx-a !-■» .nil dl jjilLal] 

j^ljj ^)Jj*JI <jl ia^5lj . 6.41 d'^jLx-a (j>j (6.1 Lj-al.^1 ^jjdl] dljLdluj'^l 

djl (J_jjLa (jdii-a ^ j(jl Luj , (j^ (_^l jJ lilLiA (j^jSj J j)l\ 

,ajfli]| ‘ 1-^'ll ^ ) ■v"'. .iV I 
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Figure 6.5 Reduced order longitudinal response to 1° ele\'ator step input. 

1 ° Ia a(jl JJSl jkal\ ^LaJ.uj'^l 6.5 


4jj^l 

x„ =0.04225//5 
z„ =0.20455 Us 
= -0.0003 rad / ft 
[/^ =y^ =317.48/?/5 

: <>=• lU .•aaj 6.36 dl'^jLx.a (j.iaj_^*j]lj 

=0.147 (J jl 

COp = 0.144 ra<i / 5 -i-ij^' 

COp i jj Jia.5U 6.1 (Jl^ ^jlLallj 
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7 

Lateral-Directional Dynamics 


Cil Ajl'v'ioiVI 7.1 


a^L^I a£^)^I di'^jLx.a (_iij a^L^I diLjljjsl ’ 

, !^1 !Lis AuusL^I ^I.i^iLujIj 

AjL^ILuj'^ dll^ljj^l (J.al£ (J^ >■ a.^'i dlljljjal 

^^‘i\ ■ ^A ' 1 .M>< ^ dlljl jjial . j dl^iLiia] J <—S j 

ajL^iIuo'^I dll jjidaJ (Jjj^jII dlljl jjSI (jU t(_3jLuJI ^ LuS .a^L^'^I- a^L^I Ajjl^)a!Luj'^l 


dl!ilala]lj JjLa (jlS slda.lillujl j]l j_^dalj^l ^3_jAj]l Ajiad ^j.a]l 

(jlj;lia]l sLix.a j^l j^l (jl^^'^l J J Lida^ . ^1 j_j]l (jl^^'^l J l)" dJ* ‘ 

. cdlii ^lijjl ^ (steady) ^jla^l 

. dlLjljJjal (j^ •" ‘ (^^1J dlLadt^l) (jjldda tdliA (jl Loj 


(JjdjJ , I ^jc. AL^iiLa (."Uj.nl A^L^'^I- A^l^l dll^ljj.dl iaLojl ( ^ 


dll^ljj.dl (jli ( Ajj'^ _j]a]l dll^ljj.dl (JjjSju i(_5^)dl Alaa.!)La . ^)^l j_^ljj.dl (jjlaii] 

(_JjLiiJ j-^'l'd'i dll^Uall .n (j'^ i (jl jjJall L_aJ^>ia ^j»Ti ^ A^l^'^l- A^L^I 


. (XiA^I J jj' 

(jl jj'^l L_a^)ia (J‘ ^ dl^ilila ‘- '»J A^L^'^I- A^L^I AS^)^I dl'^jljL<a 


. 2 ( 3 ^-^ ^Lsdjo'^lj (Jj^dill dlLjljjal J_5-Ic- l)J‘^^ 1 ' (jS-aJ .^3]! JjL^-al AxuiiJlj (_5jl j^jll 

! Adtlll ajjA^lj ‘"'l^/’t^ll ■v'j..iVI ^ a.^'i ^^^1 ^jj^all dlLjljjSl t _ n^"! ajlc 


y(s) _/Vi’(s) _ k^ls + l/rjs + l/r^j 

1 9 

^(s) A(s) (s + l/Tjs + l/Tj{s^+2l^,(0,s+(0/) 
p(s)_N({s)_ k^s(s^ + 2i^^(0^s + (0^^) 

...... / .Z^ 

. 7 9 

^(s) A(s) (s + 1/tJs + 1/tJ(s^ + 2^,(0,s + (o/ 
r(s) _ N{(s) _ k^(s + l/T^is^ + 5 + CO^^) 

) 

7 4 

^(s) A(s) {s + I/tJs + I/tXs" +2l^,(0,s+(o/) 
(^is)_Nl(s)_ /^JjS^ + 2^^co^jS + co^^) 

7 S 

^( 5 ) A(s) {s + I/tJs + I/tXs" +2l^,(0,s + (o/] 

1 . 
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1 <3131 ajjA^L ajlc. t Ai3] AjLada'^l ^ a.di ^^^| 3:JJ^3I dl 

v{s) _Ni{s)_ /^^(^-i-i/rp )(5-i-i/rp^)(5-i-i/rpJ 

C(5) A(5) (5 + 1/7;)(5 + 1/7;)(/-k2C,co,5+co/) 

p{s) _ N({s) _ kps[s + \l\\s + \l\) 

1 

7 7 

c (5) a(5) (5 -h / t; )(5 -h / t; )(/ 2 ^ co/ ’ 

r{s) _Nl{s) _ /^^(5 + 1//,)(5^-f2^^co^5+co^^) 

1 . 

7 8 

C(5) A(5) (5 + 1/7;)(5-M/7;)(5"-f2C,co,5+co/) 

1 

7 Q 

C(5) a( 5) (5+i/rJ(5-M/7;)(5V2^,co,5+co/) 

djl ^..IxlLa djljl 


(Jj_j^ii]| ciiljljoil Ja.uj2l jj''’’.' 7.9 — 7.2 c1j'^jIj«.-4]I 

diljljjal A tj.iVi ^ILull Lai i .njall (jjoaj (jl I La idiLajj^l j ^.21 

. Jj^aLlI 

i(^)ik.a]lj l^ljLui-a .lie.) ajjAAll 4jjljtA]l I- ‘ (Jj_jaj]l (jljLLI ^ILa i(_^LuJI LaS 

A taVl ^ILall 1.1 ^j .a^Ual] A^L^'^I •>" AjjlI (j.<ajL^^ ‘- a ■ IAjj.1j ^_^I j 

I ^jlf~- ^)l3J.uj>a ‘"'l^j’-^ll j\ ^.lll dll jjjLLall ^Laluil , dlil jj^l 

(_]^ I , 'Lill .^J^i^l J (Jjl 1 >»‘ill A^uijj ^‘^ILall Jj.la (3^ 3^ 

, ^ILall s.^.laj AjLaj.u 3 U ^LtJI 3 ^ ‘''''" 3 ^ ‘ ia.u 3 l d^Ilal 3^ dl^)jit 3 a]l 3^ J 


7.1 

l^jjj 0.44 ^La l^j 150000/? ^liLj ^ j3=u Douglus DC-8 sj^LL 

! (^^1 jjLa.3 aim31j) 43131 dlil^l (_3c- '3.t 190000/Z? 

X, =-0.1008 yp=0 y, =-468.2 y^=32.2 y^=0 

y^ =13.48416 

/=-0.00579 Ip =-1.232 /= 0.397 1^=0 =-1.62 =0.392 

n^ = 0.00278 rip = -0.0364 n^ = -0.257 n^=0 n^= -0.01875 
=-0.864 

jjS.l3l ^lijj'^l .lie. dj‘^ll Ac.^yx X ^La = 0^1331 Ac.^yx ', Lai 

(/?/5 466.4 = 1060 X 0.44 = V 
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(341 ^2 1 ^ (Jj^j^Iill diljljjal ^ 4 ijLuj]l dilil^l 

( 3 ( 5 ) _ 1 v ( s ) 


, L 


^)-v"!..iV diljljjjal 2‘' ‘ ( 5.7.2 L>^) 




v(5) _ 8.779(5 + 0.197X5-7.896) 

^(5) ~ (5 + 0.0065)(5+ 1.329)(5"+0.2545+ 1.433) 
p(s) _ -1.625(5^0.3625 + 1.359) 

^(5) ~ (5+ 0.0065)(5 + 1.329)(5'+0.2545 + 1.433) 
r(5) _ -0.0188(5 + 1.59)(5'-3.2465 + 4.982) 

^ ~ (5 + 0.0065)(5 +1.329)(5' + 0.2545 + 1.433) 

4)(5) _ -1.62(5^+0.3625+1.359) 

^(5) ~ (5 + 0.0065)(5+ 1.329)(5'+0.2545+ 1.433) 
(3(5) _ 0.0188(5 + 0.197)(5-7.896) 

~ (5 + 0.0065)(5 + I 329 ){s^ +0.2545 +1.433) 
.7.12 


ft / s / rad 

rad / 5 / rad (deg/ 5 / deg) 
rad / 5 / rad (deg/ 5 / deg) 
rad / rad (deg/ deg) 
rad / rad (deg/ deg) 


! 43.21 dlLjljoSl (_5lc- 2‘ J (3^441 (Jjoij (j-a J 


v(5) _ 13.484(5 -0.0148)(5 +1.297)(5 + 30.207) 

^ ( 5 ) ~ (5 + 0.0065)(5 +1.329)(5" + 0.2545 +1.433) 
p(s) _ 0 . 3925(5 + 1.85)(5-2.566) 

f(^ ~ (5 + 0.0065)(5 +1.329)(5' + 0.2545 +1.433) 
r(5) _ -0.864(5 + 1.335)(5'- 0.035 + 0 . 109 ) 

f(^ ~ (5 + 0.0065)(5 +1.329)(5' + 0.2545 +1.433) 
( 5 ) _ 0 . 392(5 +1.85)(5 - 2.566) 

f(5) ~ (5 + 0.0065)(5 +1.329)(5' + 0.2545 +1.433) 
(3(5) _ 0 . 029 ( 5 -0.0148)(5 + 1.297)(5 +30.207) 

^ (5) ~ (5 + 0.0065)(5 +1.329)(5" + 0.2545 +1.433) 
.7.13 


ft / s / rad 

rad / 5 / rad (deg/ 5 / deg) 
rad / 5 / rad (deg/ 5 / deg) 
raJ/raJ (deg/deg) 
rad ! raJ (deg/deg) 


! ^ILdl b\ jLmlaj 2 ‘ ' 

A(5) = (5 + 0.0065)(5 +1.329)(5' + 0.2545 +1.433) = 0 . 7.14 

(time t>j cjjIj 43 (^21 (spiral mode) j3aAj3l 


f = 


1 


0.0065 


= 1545 


: iS jdaj constant) 
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cjjIjj t(roll subsidence) 7.14 ^ oaJI 

■ 

1 


T = 


= 0.75s 


1.329 

<3j (oscillatory dutch roll) i-ajludl Ja-oj i-L^ tli3lj3l oaJIj 

: ^1:131 1 \i 

^^=0.11 ! (JyLjaj3l 

CO^ =1.2 rad I s '. J:4-3' (^»j;3-»31 jjjj3I 

ajjLIa3l (jl a jjlA-dl ^jL».a 3I (j-a Jaa!)lj 

^ (lyf^ J°‘^3\ ^.ajp ^ (jjj^lii3 ^yilujj l'^ Ia jl.lLa ^ ■ ''-<y i^^C. (_J^A-a3 ^ 

. 7.1 lJ^I 
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^(rad) 0(rad) r(rad/s) /; (rad's) v(ft/s) 



Seconds 

Figure 7.1 Aircraft response to 1° 2s ailewn pulse input. 

. j 1° a JI. 1 L 9 ajjUa]! <jL^Iluol V.l 

. 7.2 2^Ia jIjLu a(JS.Cu (_5ic- ^■.2 
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/9(rad) 0(rad) /-(rad's) //(rad's) v(ft''s) 



Figure 7.2 Aircraft response to 1° rudder step input. 

, sjl.lLa aajjLIa]l <jL^j.ujI 7.2 (J^ 

.Ixj <L^LiJI dlljjilLa] (stC&dy StStc) a^>3LluiA]l 4JLaJl t5^ cJJ‘^^ll 

( 5.33 g ill ^ -njall <j^)iaj (JLsjdmlj ^.lll jl ‘"'I 1 ” La JI.1L9 0jlrs 

!AJl!i]| ^a^l (_5Jc- 3‘j ‘ 7.13 j 7.12 d'^jlxx ^ (Jj_j^ii]l dljljpal 
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: (aileron) s jL^ 


V 


-19.24 ft Is 


p 


0 


r 

= 

-11.99 deg/5 


4> 


-177.84 deg 


_P. 

steady state 

-2.35 deg 

aileron 

V 


■-ll.O/r/5 


p 


0 


r 

= 

-10.18 deg/5 


4> 


-150.36deg 


_P. 

steady state 

-1.35 deg 

rudder 


: (rudder) sjiai. 


aJjaaII AJjIxaII 7.1.1 

(j.a U_J^ A^L^I aJL^JI a jjAnll aJjLxaI] JjiiiJI J-lsj-a 

: J\ 

As'" + Bs^ ^Ds +£ = 0 .7.18 

(s + l/7;)(s + l/r,)(/ + 2?,co,s+co/)=0 .7.19 

^ J ^iaAllI ^ lJ(ILL uj Ij^j 

, i aj!-■» \l Ja^j i _a^ eLl]lj]l .laJI^ U^JiLa ^);udl Ja^j 

. 5 (3^^ ^liaj cJliLa ^9_1^ .2j.laJI a JA ^ l» a (J 

(jjoJ a^L^'^I- a^L^I dil^Ljjdl (_J.aL»j]l (j)-® jUI clil^ljj.i]l i—a!)Lij 

A^xiij tdLlA dg >>»» I ^jc. JJjS AjiluiA (."umj! Ajjl^)aluj'^l JaLojl djJjS jaiLiA 

.JaLaj'^l (jrJj dL^lfrliall j (j-® 


A^Uj .^1 ^jI jHuiVi iaL«ji 1 .'2d 

- Aj^L^I ^jI^) a!luo'^I JaLajI (j)-® -5 e^Uall (_Jilaj LaAic. 

■* 

J 3;i*J QA jl jLiia]l QA ^yi j\ dijj dL^lUdl a^A . L_a jja A^L^'^I 

Aj^jL^ dll j^Ij (3® dllj!)la]l (_jLa e^lJa]l (_JSdi dlljjiu (3® td^a-al] ajJ^I 

, Adi 3^1 dlLdauall i_^La 
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ixu 7.2.1 

‘ ‘ (roll mode) ^" Ja^j Jauul a^\jxj jl ^^iaxJI ^jjill Jauoj 

JaAJ j j_^laJI JaAill (jjllLa ajl& (j^jSj illj t<jjl jjAl (IstCrfll) 

7.3 (J^^ ■*'' 'J ' l.^l.a\l , ^^^^iaxJI 



Flyiire 7.3 The roll subsidence mode. 

\l JaAJ 7.3 3^‘‘^'" 

7.2.2 

ajlc liA (j^jSj AlaJu .Ixj . jjAl ^j_^laJI ia<aj]l LjajI 

Ml ■ iS^ ^ J ^ ^ IJ •—S jia*JI (j^ ^^)^l U CJ ^ ‘ J <-) 

JaAill 1^ ‘ . 7.4- 3^‘''''" 1 ^ Jauaill 1^ ^411 'I ^1' ^ ■”' 'J ' 

.a^Ual] j -^11 ^^lluj'^l <Jjl^)aluo'^l ojJjj .LiU*J 
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Fin , Sideslip ^ Steadily increasing roll angle 



Ftmirc 7.4 The spiral mode development. 

7.4 


jjSj (fin) 4ijc. j]| jmI ^ jA\ (dihedral) ^jjl' J^\ jjSj Uajc. 

(jliA (jjSj ajlfr . (4&L^) ^ i^ySc.')! Lai t i-JjllLaj ^jjiiJI 

1.1^ dijlj . ^jl^)aluj'^l (JjLtLa L./'iil ILa (jjSj 1.1^j (jLjLuiLa (jIjm'^I 

^ ‘ ^ ^j^^l (jli ■ ■' ^ Jauaill ILa (jlS I jj ^1 ^ '»J ILa ‘j^I _^l cHjHaj ajl& 

e.ljLuj'^l (jc. s.lc.L^ U_S^ ‘ ^)i!luax LaAic-j e.ljLuj'^l 

■ r ^ L^JajI 

c_a jLt II ^(. 5 -^ 4jjlI (jc. a^Uall .ic-L^ UJ^ 4jjl^)a!luo'^I ^.ic. <3L^ 

(_JS.aiiJ (jl jaia]! Lj., 1 J t(^ J^l (jl jjJ (J!)l!ii.l t-Jfijjj) ^lijj'^l ^ LjajI j ^l^>*j'^l j 

^'jLill jjlS>aL^ ^ 1 > 1^11 ILa (jl LaJ t s^LIa]l ^daJ^jLuj ^yilui\ (jjj . 

^J jiiJI ia^l a jilui.a a^Uall (j^jSj (jl ^ jAija>a]l (j>j tillL] . ^.^11 (J-^ ^"'11 

■ (>» j^' u u' j4j 

^4llj^l tJjIaadl Jx*j 7.2.3 

(jjllLaJ ^l^)*j'^l (JjLjaiLa jl joAI _jA _j^l c_ajL.»ll Ja^j 

(jA^Jaijj Li ^ ill 1 43 J^l jjli I j] , I^')l I - (JSI jdj- J L_a jLi» II 

Li.1 ill Ij^ ^»jiL.II jjjjII . 4 ^L^'^I- <^L^I Lj!)Li]l <jj^l diL^jj (j^ ,Vi».a (_Jc.lij 
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^.Jaiauiu]l liA . (JSI is joill JJjall iJ^ ^ 

7.5 ^ 








(a) 


0 A 



V' 

-■o- 

(d) 



Path traced by starboard wing tip 
In one dutch roll cycle 

(a) Starboard wing yaws aft with wing 
tip high 

(b) Starboard wing reaches maximum 
aft yaw angle as aircraft roils through 
wings level in positive sense 

(c) Starboard wing yaws forward with 
wing tip low 

(d) Starboard wing reaches maximum 
forward yaw angle as aircraft rolls 
through wings level in negative sense 

Oscillatory cycle then repeats 
decaying to zero with positive 
damping 


Ftfiurc 7.5 The oscillator}' dutch roll mode. 


11 1-^1 7.5 l }^ 
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t- , ..1^ j ^ i _9 jlaC- Jauoj dll.l^'^ (fin) ^ air.^\l 

(jj^ ajlfr .^"lil , ^a'i..'^il ^jl^)a!luj'^I i"'' ill-i'i/' ^jJajjixJ 

^^^^iaxll Ja^j (J^Lk^ajll i aj* ■ ^j j^)laJI Ja^j]! Aj^lI Ja^j!La 


Am jli AmoiLa 7.3 

dl'^jljtA] (_J^ 1 <jli Am^ _jia]l dl'^jljt^j L_a!)Lij 

(_J^ (jl^ I j] i ( 4 j jliiLa dlL^jdj) dL^ll]! JaLaj'^ I U J ‘‘ ‘'■' ■ 

. JjI j 3 a 1 -.,,. i/'il ^ jLaj]l tillj (jl^)>jii. (_ 5 -i*J (Jaxui-a 


i-fljLxii Jxftj c_uj^ 7.3.1 

L_a jlaC. ajl& ji-i» W iaAJ (jl^ Clj!ilala]l (jjSj La.lj& 

(J‘ ' dl'^ jIjla]I d»j . ^ I I j ^ ' '^' '' ^ U Cy^ cJ:?^ dJLi. 

! (^^1 jjLa-a] <1 mu]Ij) (.5^ 

p(s) _ 4 _ *^p 79, 

s-;, i+i/r,. 

, ^dai] d'' A 4 -y-i.,il ^jidlj jl 4dlj 3jl (J^-d ^ a.^'i aJjIxa]I s3b 

! <3131 <^^)a3l <juA^lj <1 jIjS dijlj 

-/ 


T = 

r — O 

L, 


121 


, I ‘ajl-»»U 31 ^all ^jc. jin I^ du 


^jjiaJl ioMl) 4 -jjjli 7 . 3.2 

^<3131 A ij. ^\l (_^Jc. 3‘ ' dL^^)a3l J diLjLuiaJI (j>j J.1C. .2*j 


z = 


yXh^p-ip^^’) 


7.34 


U, 


( o o 

UNp-Lp Nv 


Z=- 


V- 


y 


^131 ^ja3l <juA^lj l^dljS J 

( \ 

Lv N p Lp N V 


f o o 


g 


\ 


Lr NV L/v Nr 

V y 




g 


\ 


Lir N V l^v Nr 

V 


125 
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‘Ja-ujJI ajlc 7^ U_J^ J ‘ _ ^^sluui Ja>aj]l 

<jjI^) a!luj'71 ia^)^ UJ"^ Cjl^Uall 

LvNr>LrNv .7.36 


i_flj]ax3l Jxftjl 7.3.3 

Clllillxll 3‘ ' ('j.’“''’ ^LiaII) dlLjal j CllL^^pj]! (_><axj 


2 C. 03 , =- 


( 0 , = 


7 o O ^ 

iV. Fv 
— + — 

V y 

f o o o ^ 

/, m ” 

Z Z 

V J 


= -K 


iVv 


7.40 


7.2 Jll. 


(JlLa ^ oUaxAll /^ =0.392 J — —1.62 A.a^ i 7.1 cJllLa ^ sjjUa]l 
p(s) —1.62 


^(5) 5 + 1.232 

1 


! a3jIj«.a]| (_5lc- 2 ‘1 .'2jS aIjIxx 7.1 
deg/5/deg.7.43 

jLujj dylj (jli i 7.25 aIjLxa] ^ 


r = 


= 0.8125 


1.232 

. (T’^ = 0.75s) 7.1 (JliLa ^ Igjifr ' Ai^dl <.a^l ^j3 

^ jIJA 1° La jl^La a jlrs i—a(J.1S..9 AjL^HuoI (j>j ^ 

. 7.12 aIjIxaj (_3^.dl (_J^I (j>j s-yj3 j . 7.6 ''++* (7.43 a3jIj«.a]I) 



Figure 7.6 /?o// ra/e response to 1° aileron step input. 
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1” aL_a< jL^I1ujI 7.6 (J^ 


! AJliill t ' (jl (jS-aj 7.35 j 7.34 ^IjLx-uI ^ 

U [l n —In) 

T^ =-^.7.45 

g{Kn,-W 

! ^_^i& 3‘ S^A 7.1 ij^4a (j>j 

468.2(0.0002-0.00343) 

32.2(0.0011-0.00149) ' 

7.1 cJ^^a ' g ‘ ^jaj'a^ll <.9^1 <.a^l s^A (jl Ja^5lj 

(jl Ja^5lj . jLJall (_Jx3 oJ^ 4.it.uj]lj ia^l liA liA (T^ = 1545') 

7.36 ^jlx-a <Jjl jaiLuo'^I 

0.00149 >0.0011 

IJAj i ^jl I (JjL*j o^Ua]l (jl 1-a-a (j^jllLa (jj-a3^l (jl 

. DC-8 7 ''°"'" dll jjLIa]l jliix-a 

iad] (_JjLja!La JjiJI 5Jjp]lj (J^Ldj]l <jd] 

( 7,39 7,1 

CO^ =1,152 rad!s 
L =0.135 

. =0.11 J CO^ = 1.2 rad!s djl£ ^^1 j t 7.1 JliLa ^1 ;>» ^js j 

. LajI 5 5j-a (jjSj d^l jlli]l 15A 


Spiral mode j ■^' 

time constant t> jll djlii 

roll subsidence mode ^jludl jj^ill Ja^j 

oscillatory dutch roll mode t-j^jiLall j^\ djiaJI Id 

roll mode djiaall id 

fin 4ij& j 
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9 

jSiuiV) 

Stability 


9.1 

Ai.1 um' \a\\ (j>j .1^ L_aj^)*j (jjJ aIjLuJI CIiIa^_j]I A^jj\ Ljj^j 


^jl jSluuVl <-fljj*j 9.1.1 

(jl ,2xJ Ijj ^)a!lui.a <jc. (Jjij <31^ I<iIJl1jI (jjSj (a^LIall) ^Uadll 

, <^3^l!Lis ^ <jl^l 1.^1 isd/o]! j ^ .'jail sJ ^ <3^ ^^3c- dljjl 


A^lluuVi AjIj^IuuVI 9.1.3 

•iu (jlJ m'^ 3 a^lia3l (Jj.a ^ a.^'i a^Ua33 AjjIImi^I AjjII 

(transient) s^IaJI ^ ‘° ■ aj^ 3 n^l ^jl^)a!Luo'^l . ajI j (jc- AJlia J 

^^)a!Luj'^ I _jj3 s^LIa3l jjl (j>j, A 3^3^31 ^ ajIac AiiaJI 

,a^Ua3l i"'' o<iliS 1.1^ Aa^a ' ■ A^jJ . Ai-al 


^\ 9.1.4 

(jlj;lia3l aJL^ l 5^ t JaVa'i\l ^LsJ a^)lLui<a3l ajjLIa3l i L_ij^)*j3l (j>j 

J 

,o^lJa3l 'i;^3'i/''i A^jJ Ajaxul jj A3q3'q33 AjijLaA3l SAwo . (_5-j3 j_j3l (jjo-iJI 

a^Ua3l ' ■■'’j; ,Aj| jj3l J (Jaj3 Ajjljiluj'^l aJIc a^lJa3l 

.' ■ ^j^)x>i3l lAyjLuiA aj jlI aJ^ 


SJxmII AJjU.a33 9.2 

t JjAiJI ^. 1 * 1.4 jA (Jj_j^j!i 3 l diLjljSI (jl aIjLuJI cIiIa^_j 31 liajc 

^^jaa 3 I j j.iiJI JJjtLa ol jLuiAJ .o^L 3 ai 3 ^jl^)a!luj'^I JoMJ J. 1 ^ (roots) J 

. 4 dljlS 4 _jIj^I liA a jjAA3l Ajjlj«.Ai3 Aa^j j ' it^^V .a aJjI*^! (J‘' 

! a41j 3I A^ljtJI Ajua^Ij t _ '"iCi A^^l a aJjIjla3I 
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9.1 


n , n—\ , , r\ 

ttnS + +. a^s + Oq = 0 

. 9.1 (n Cilj n_II 

jjiaJI (jS-oj jjj t (complex) jJ J (real) jjSj ^ 

: 

^ 1 ^”'"'' J' lUI'j 5 = -Oj (i) 

8111 ( 72 ? +(|)) y> j “S = “<^2 (ii) 

. j (_^.-4 A_j]I <1 j^l jlb 7 j J. 1^1 _jA O 


^a.^11 (J A 4 ■v'l...VI ^1*11 ui^ 4 -j]Luj ^'aj'a^ ^3^ LaAic 

^_^^l (jjSj La.ljc. UJ^ ^UajJI . J)^"' ‘ “ ■" ^Uaj]l (jl lAdic. Jj t —^ 0 ° ^-a 

.1^7 -^1 UJ^ La.lj& AjjI^)^^'^I JjlxJ-a (jjSj ^Uaj]l j-a jj.1^1 .1^7 ^3'a^l 


(!)l!La 0 jjLIa) ^liaj (_^ljj3l i_a^)i-aj]l j ^ ' (jlj li] . ^a. ^11 ^jLui.a jj.1^1 

. a jj-a-a]! ^jLx-al] (_J^ ^Ja^^yill dll^ljj^l ^ j)xt-v^ 


4 juI jl) jil 4 jjI jSluiV) 9.3 

i<jul^l <^j3l (j>j (j^jSj ^j/'l t^ll" ^LlA 1.^71 J _jia]l a jj>j>a]l C1 j7.2L».a]I (jl LaJ 


a jjA^I (_ 5 lc- “Ijul^l (j>» a jj^a*]! ^jLxa]! t il , IjA 4lLaJI a^A 3^^ j.uj3 

:yi:i]| 

As^ + Bs^ +Cs^ +Ds +E = 0 .9.16 

(jl t _ '-VJ <Jjl jailml 3.lj& UJ^ C 5 ^ ■ ^ ^ 'J. •“ E B C D E Cli>Lal*.A]l cj^ 

: (^71 M^l ^ cjl^‘^ 1 ) jjSj 

d{bc-ad)-b^e>o 

E>0 

AxA E (jl .1^ 2 3^EI ^ j:^j^[j i E > 0 ajjUall <31^ ^-»g .all Ja^ulll ^jojAil 


E = mg 


o o o o 


! jLuij (^jll Jjl ^ .nl ^Xuiillj) A^7 ^jiall ^3^11 

M„Zu-MuZ.. 1.9.19 

: JlnllS ^jlj^7l ia3.i <jIj£ 3^^ U'^j 


) 


.9.20 


aiuij .l.ai*J Z^^ i^jjljll i"'! 4^7^jiall ^jljiluo'^l 3 m 3 g I j^jLlLa 

^La ^Isjl .lie ^1x3 ^u -5 ^3^ I g jE- ^lajLujJ Z^ t^^ll J^aLx^j 

.^Jjl^aluol Udic. 3j^ UJ^ ^ w ^1^ 
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f o o 


E = mg 


\ 


LvNr-LrNv 

V 


9.21 




L,Nr>LrN, . 9.22 

djlaj2lA]l J Zy^ . NJ Zy^, _i ^ j l Ja^)2jl liA ajlfr 

J (lateral dihedral effect) ^jjJ' jm' L^, <.4^ yW 

IaJojI J.1^ ' y 9.22 ^Ijlxydl . liljj" Jpl (j-U 4i!Lulya]l 

. 7.3.2 1 ^ lj^)Sj LaS t.-y'^jlI 
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13 

'UjijlluiViJ CilVutia 

Aerodynamic stability & control derivatives 


<At.j.u]lj j 1"'' a"!<iaj^ ^ 

L^j (jl LiiixS jjLa^ <iijii]lj 1 -'' o'! /'ll aJA LiL9_)^ I jj i jjLa-u] 

, (jjJ (jljjial] .8 j 7 <jl»Ilt.M^lj 

(_J^I (j>j . ^ Ijjlj <iaj.uiJI dlla^iljiJI siA (jl ojUiyi t _ 

.^jjojl ^‘ _ (jjl dila^ilc. 


4-u1JjJjjjVI ^jI jiluuVI tlilVutia 13.2 

f.lijS'^l (j>j I—a.2^1 j) . 6 (3^1*]! Jj-9 0 . 1 ^_j]l aJA Cljli!)lj«JI (j..aiXa 

( ) ia^ J 33*3^^ ^ ^jj 4 ^ 3 ]! _jA (_3iXa]lj 

^ 3 ]! aA<iUXA]l dl^ . 3 ^ a^jat ..o <lil 3 13.1 (_JSd]l 

. X ^ 3 uij dijlij ^lijjl (_5Jc- (steady) 3 !_ja i— i^Iallj 


L 



Fiiiuiv 13.1 Penurhed wind axes. 

4lilLa]l ^3^1 13.1 


. OZ J OX jjL^-all (_5lc- W J U ' g"’' .'^3 '"J V 4£.3uJI <liia]l dc 

< 1 ^ <Jjl j 1 g .j.i'i I 0 (jl^iaiJI <lal 3 Liil LaJ 

. OC iajLdI 
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jll a 

p 

^Lj^l <^Lu4-a S 

(controls fixed static stability) jaiuo‘^1 (jii^U 

M, 


dC^ _ dC^ dC^ _ 
da da dCr 


a. 


I—a jjM 1.2^ i 13.2 LaS q (jl^)iai. (Jjjlaj a^Uall dLals Ijj 

Otj. ^ _jLuj 3* T’J 

_ dh 
~ V 


13.2 (_JS.iill ^>Iajl cJjil] ojjUal] Cg (jJJ 4iLuiA]l CLu 

(Tailplane) Jjil] jaji T j-jll 



Figure 13.2 Tailplane incidence due to pitch nite. 

(JjjL.9 cfsiiJ _jLuo 13.2 2^*'''" 


. (J:j2l <xjlLa Cjj 

'-ajsdj i tail Volume ratio Vj 

S I 

j kjy^y 

^^'^\ Jjil] ^j]l 1 .6 ttj 
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a^ = 

I—al o^UaJ cJjjll (_5-5 c- ‘''" sL^I I^^C- JJ3:J ^Li^l J j 

Jjjl] JajiuJI ^jl j (^jll i—al j^l jl) L_al loAj t (downwash) 

^ '‘Ja^jLuj . 13.3 3^**^'" <jj| j (_5-a.uijj) ^ ^ 



aj(t)=a^ +ri^ -e(0 


T|^ ijjljjj'^l aIL^ ^ ^Ll^l JajLuj j jii OC^ 

. (Jjill .lj& Ajjlj £ J t(clijlj]l 



Figure 13.3 A ty’pical downwxishfield. 


13.3 
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A" 

I 

I 



Fi”iiiT 13.4 Side forve ^enenition in a sideslip. 

13.4 

(fUSCl&gC) A tuxtll A i.ua Sg 

j^UJI jj'^l 4 jjI j (3 

(a^Uall A^L^I ajl]l L-L^^j) a.1^iJ.isljt.x ys 

. (^Jj>a*JI cJjill) (fin) Aijc.3^1 ^Luia Sp 

JjilJ 2;3jll ' .a a^p 

( 3.15 cJS.^1 jlajl) A^jj]! r 
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Figure 13.5 Incidence due to sideslip on a wing with dihedml. 
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Figure 13.6 A chotxiwise strip element on the right wing fxinel. 

13.6 


PDF created with FinePrint pdfFactory trial version http://www.fineprint.com 






























(13.7 J^\) ^jlj 


V 



F igure 13.7 A swept winfi in sideslip. 
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Figure 13.S LatemI cmss flow in a sideslip. 
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Figure 13.*) Rolling moment due to fin lift in sideslip. 
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Figure 13.10 Fin sidefotve geneivtion in mUingflight. 
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Table A 1.1 L ongitudinal aerodynamic stability' derivatives 
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Tal)le Al.2 Longitudinal control derivatives 
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Table Al.4 Lateral aerodynamic control derivatives 
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Stability’ derivatives 
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of dimensional derivatives 
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ral)le .\1.6 Concise longitudinal control derivatives 
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Table Al.7 Concise lateral aerodynamic stability’ derivatives 
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Table Al.8 Concise lateral control derivatives 
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3 (3*^1 all 

Ci^j^lj Culj^lj CilJi^jII 


SI cjlii.j]l (^1 Imperial —31 cjlii.j3l ^ Jjja^l cjXaU-a A3.1 Jj^l 


Parameter 

Symbol 

Imperial unit 

Equivalent SI unit 

Mass 

m 

1 

slug 

14.594 kg 

Length 

1 

1 

ft 

0.3048 m 

Velocity 

r 

1 

as 

0.3048 m/s 

Acceleration 

a 

1 

as-" 

0.3048 m,'s- 

Force 

F 

1 

lb 

4.448 N 

Moment 

M 

1 

lb ft 

1.356N m 

Density 

P 

1 

slug/ft^ 

515.383 kg/m’ 

Inertia 

I 

1 

slug ft^ 

1.3558 kg m’ 




a.liLa 

duljj A3.2 J 

Constant 


Symbol 

Imperial units 

SI units 

Iknot 


kt 

1.689 as 

0.515 m/s 



PO 

0.00238 slug/ft^ 

1.225 kg/m’ 

f. • 


ao 

1116.44 as 

340.29 m's 

Radian 


rad 

57.3° 

57.3° 

j'J 1 ^ jLmU 


g 

32.17 a's^ 

9.81 m/'s" 
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The Dynamics Of Linear Second Order System 
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4jjlx>a]lj (_L^^jJ (J*' ‘ ^ <!j^ ^liaj jib j (_]l!La]| 

mS^) + cjS^) + kx(t) = f (t) . 1 

m <3 j^I J Uii\l Clijl.a(jljjSl f J jl -^(0 

. k <juLiuj j c j 

^ A 4iLui-a <ii^l Li^jl Lijl LUajii]J ( (y it^ = o) aj3 Jj <1L^ iilj] 

1 <3jIjla]I . lAljSjj 

mj^) + cJ^t) + kx{t) = 0 .2 

A^La3^l <j' Tt'uM^I (_5-lc- (jS-aJ . X(0) = A J ^0) = 0 <2ljLij'^l L_aj^)]a]l 

yJig mj ^ liAJ . <21 I I—aLgHiJa^ ^yi]! J Cybj^ 2 ^jLxAI cJ^ <ij^l 

12 i (_Jj_j^ ^Ia2ILujIj 

L{mJ^) + cj 6^) + kx(t)}= m(s^x(s) - ^^(O) - j6^0)) 

+ c(5'x(5) - x(0)) + kx(s) 

= m{s^x(s) - 5'A)+ c(5'x(5') - A) + kx{s) = 0 

lU 1 (_j2j 2) ajl&l 2xj 

, , Aims + c) 
xii') = 


I 


ms + C5 + 


Vj- 




A(5 + 2^co) 

( 5 ^ + 2^0)5 +co^)' 


2Cco = - 
m 



m 
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CO (JjLjai-a 

4 <3jIjla 1] (Jjj!l^ j)^» A jL^Ij l^Jc. (J-^(0 
^ILa al jLuiaj l§Jc. (J ‘ o jjA-a]! . (jl jl (j-4 ^ 1. ^VI ujlj^l tjjt^lil]|) 

! 4 jl 3 

ms^ + cs + k = 0 .6 

5^ +2^(05+(0^ =0.7 


x(0 


Ae 


-(o^r 


77 


1 + 




VV 


C^-1 


cofVc"-l _|_ 


1 - 




c^-1 


"-1 


.... 9 


<5jSJI ^Uail — 0^ ~ t- ^IxJl 9 

, JjLkJaA]!^ 


! ^ l) A^'kJ.ij 

9 <3jI*.a]I (jU ^ — 0 (jj^ La.ijc. (i) 


x(0 = y(^ '“ + e'“) = Acos({o?) 


(JjlatLa ^Uaj]l ‘ <ljLjal.9 ^jl jjaI j 

(0^ ( (0^ = (O'Jl ^ W\j-^ >■. '>J 9 ^Jlx-a (jli 0 < ^ < 1 La.lj& (ii) 

! ^.'‘‘*' ‘ j‘l 1 /'ll ^»jil-ll .^jjl]| 

Ae““^' 


x(0 = 


7/ 

r ^ 


f 

r ^ 

\ 

1 + 


—tco„/ , 

P « -L 

1 


m„t 


Ji-r- 





VV 

V - J 

1 

\ ^ J 

y 


.... 11 


= Ae 


-cot^t 


cos((0J) - — sin(co„0 
CO 

V ” 7 


! lJ^I (jji ^ — 1 La.ijc. (iii) 

x(0 = Ae^®'(l-co?) 

j^^Jaxj jA J , a^).iiL^ 9 aIjIxaj j^^JaxAl _jA (jiJI jlj ^ > 1 La.lj& (Iv) 

.^LjaiLa I g ’^1 4jjl jiAl 
! (_^liill 2^ ‘'''" ^ j; ■■' ^ ^ Ly^*-i ‘" '17 •>"' ‘ ‘’^ A^La j]l CllLa.uj^l 
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jjiJI j (J^Ljaiill 4 umIJ ^ ^ 4 ■v'l. .iVI (jl ^Lla^!)La (j-a 

(J lil . 7 J 6 ajjA-all ® J ‘ L?*' ‘ ^ 

, ^ ^jja ^Uajl] A^ljj^l 

A^lju ^aJojI lilLiA <j£] ^jilui-a LujIj (JjLjaAll- iil^)fj_^l- <3j^l ^Uaj]l 

jl ajillxjiM UJ^ dll^Ua]! . ^ < 1 (jjSj LaAic. J iajilui-a U_J^ 

. a^)ij.ui<a 
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6 

A^UjJjjjVI j>^'v'i\lj AjjI jHuuVi CiUluboJ <U^j^ 


A.±^jlal\ 4jjl^)a!luj'^l dlLlluLa A6.1 

a jjUal] <it.j.u]lj a Cll^ilala 




CllLla^!)La 


2C^ Vo ^ 

9V ipVo*5 9V 



" aa 



y 

da^ 

bA£. (_)^g A 


ac„, * * 

aa^. r/a ^ r/a 


Z„ 

2Q 

" av 



da 






- r/e <i£ 

- vv«i — = — 

^ ' da “da 


Mu 

v^c,. 

“ av 

^La .lie. 

•V/h 

II 

1 

Ci 

a 



A/^l 

— Z/* //^ 

-VTa\^ = Z^^ 
c c 




— It dF df 

-yrai4— = M,— 

c dof dtt 
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1"'' a"!.•^^ A6.2 (J 

ojjUal] jjLa-u] Aiijiillj di^ilala 


AiluLoll 

Ait-u^l 


>v 

(Sb Sf \ 


A^Luj Lajl.2 

(_gJlG]ljj 

AjjI 

Lv 

~7r f c.a.r.vdi’ 
Ss Jo 



2Cz.tanAv4 , 

- s, i 


-a\r^'F-f- 

'F 




a\,.YF 


>/- 


1 f^F 

/ ahCiMfj 

Sb Jo 

ajlc. tjxtg A 

Al 

1 

(flv-HCD,)CvV“dv 

2Ss- Jo ' 


Np 

-2S,^i 


Yr 


YfcUi 

ajlc. tjxtg A 

LA 

Ss2 1 



a 

Ill 

1 

O- 1 



Nr 

5.2 i 


Ijjjaj 

Colb 


n) 



_jia]| A^ljjJ1"'' a-iA6.3 (J 
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Ajua^I 

CllLla^!)La 

-v,| 

2 ^ krCijOi 


Al 

St 

- 02 

S 


A/r?| 

— Vto2 



<jjlj]| <jijia]| j^j^La I^a) _jia]l A^LijJjjj'^l dlLlLui-a A6.4 


ojjUal] jjLa-u] Aj-uiiilj dl^ilala 


AiluLAll 

Ajua^I 

dllia^^^La 




dll^Ual] A \.ag A 






Nf 


' rr°’)..r^r 

ssjy, V / '• • 


y< 


Sr 

- 0'>p 

s 


'■A 


-pr hr 
yri^a:. 



A 


-ypaig 
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7 JaU) 

(_yi£adlj JJ^-^ ^ ‘ “7" Cy^ <Ljjlj^lu<VI CilVu^ia 


- 1 

^Uaj jl '' jjLi-a ^Uaj] <lt.j.u]lj ajlfr <^ljjJ<J jl I i"'' a"! .•^ ^ 

(j-a dJ ^ IA-IjC. ' g ’J ^ dlUl^l Udic. (jjSj ^ .^^1 jjLi-a 

.a^)^LlA <L^)ia]l j tdlljl^l siA 

l^jC- ja-uo^l ^Uaj ^ ‘ dijlj ^lijjl (_5^ (stC&dy) J^>IaA]l (jl Jjia]l 

. 2.2 lJ^I ‘ Ja^ (X^ '^‘"•^11 Ja^^Luj ^^l_^ ^jl -v ^ ^liaj 

- 4 

(_]j_j^J . A7.1 l)J-^^I (j.<aiXa ^^1 (Jj (j^ i~‘'la''u’ri/'\l 

ClL^_j^Ii]| LjajI . A.'J.2, l)J- i^l 11 ^j\^ui Jl ^Jl Cy^ i"'! a'i.^..nll 

. A7.4 J A7.3 (J 2.1^ ^aS^j]| 1"'Ia*!.^1 /il 


^Jl jjLa.^ Jj '^■“•^11 jpj ‘"'la'iwi.nll A7.1 l) 


PDF created with FinePrint pdfFactory trial version http://www.fineprint.com 





Table A7.1 Body axes to wind axes derivative transformations 


Hind axes 

Body axes 

o 

Xub cos^ + Zu'fc Sin^ ^ sin or^ cosae 

O 

A'v,,. cos^ oTe - Zwft sin^ - ^Xuh - Z^-b ) sin or^ cos 

O 

Fvv 

O 

Zu^ 

0 

Yvb 

Zub cos Ug XH’b sin oig ^Xub Zh’^,^ sinof^cosof^ 

o 

Zw^. 

Zmt, cos^ ag + Xub sin^ ag - (^Xwb + Zub ) sin ore cos ag 

0 

Lv». 

o 

A/ M» 

o 

A/ Hv 

0 

/V»v 

0 

o 

Yp. 

o 

Yr^. 

o 

Zqy^. 

0 

Bpw 

0 

Lry,. 

O O 

Lv^cosae + A^v^sinofe 

o o 

A /Uff cos H“ Af H'ff sin 

o o 

A"/cosof^ A/m^ sin of^ 

o o 

cos ot^ £,y^ sin (x^ 

A q/f COSOC^ “h Zqf, sill (Xf» 

Yply COS (X^ YKb 

o o 

Y COS (X^ JSin cx^ 

Zqij C 0 S(X^ A^^t 

Lpi, cos^ ag + Nrb sin^ ag + (^Lrb + Npf ,) sin ag cosag 

o ^ ° • 2 ° \ ■ 

Lrb COS ag ^Pb sin ag 1 A/r/,) sin ag cosof^ 

o 

A/ qy^. 

0 

Npy. 

0 

Nryy 

o ^ 0 2 ®\ 

Npi, cos- ag - Lrb sin - U-Pb “ ^rb ) sin ag cos ag 

Nrb ‘^os^ ag + Lp^ sin^ ag - + Npi, 1 sm ag cos ag 

o 

o 

^ HV 
o 

.i/HV 

o 

o 

Zr]^. 

O j O ^ 

Xwb cos'^ cig + Zwb sin ag cosor^ 

Zwb COS" ag — Xwb sina^ cosofe 

0 

M wb cos ag 

O O 

Xqi, cosag +Zq^ sinofe 

0 0 

Zqi^ COS (Xe A^ 17^ Sin (Xe 


^Cy^ t"'' Pxl.'2^ (J 
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Fable A7.2 Wind axes to body axes derivative transformations 


Body axes 

J ~ 

H Vwi/ axes ^ 


0 


/ 0 ° \ • 

Xu, 

COS^ Ue + Z„v Sin^ OTe — 

yXxx „. + Z„„. j sin ae cos ae 

0 



X.; 

cos- OTe - Zu^ Sin- Off + 

^A'„, -Zxi^ j sinae cosae 

0 

0 


Fv, 

y vh- 


0 



Zu, 

Zu^ COS^ ote - AThv sin'" + 

[Xu^.-Zxx„.j Sinae cosae 

0 


/ 0 Ox 

Zw, 

Z«v COS^ sin Ue A- 

(^AT«v -h Zm„. j sin ae cos ae 

0 

0 0 


Lvb 

Z.VV cosae-iVx„. sinofe 


0 

0 0 


Mu, 

A/„^. cos ae - A/„„ sin 


0 

0 0 


M.; 

A/hv cos ae + Afu^. sin ae 


0 

0 0 


Nv, 

iV,v cos ae + sin a^ 


0 

0 0 


^ <ib 

A cos Qft» ^(fw 


0 

0 0 


^ Pb 

Yp^ cosac - y'r». sin ae 


0 

0 0 


Fr, 

Yr^ cosae + Yp^. sin a^ 


0 

0 0 


Zqb 

Z^H cosuc +A9H sinae 


0 



Lph 

Lp^. cos^ ae + Nr^. sm^ ae - | 

7r» -l-A^/>» ) Sinae cosae 

0 



Lr, 

Lr^. cos^ ae - Np^. sin ae + ( 

Z,p„ + jVr„. j sin ae cosae 

0 

0 


.V/ 

Mq^. 


0 



X p. 

Np^. cos- ae - Lr^. sin^ ae + | 

sinae cosae 

0 


° \ ■ 

Nr, 

Nr^. cos^ ae + Lp^. sin^ ae + ( 

f.r^-hXp„.)sinae cosae 

0 

0^0 


A 

A"*; cos^ ae - Zuv sin ae cos Og 

0 

0^0 


Zh-* 

"Z.Wy^. COS A iiv cos Qf^ 

0 

0 


A/ H'fc 

A/ H'^. cos of^ 



6 (jlS-a ^ ^XT| (jS-sJ ^ 


(jx 1"''a"!^ A 7.3 (J 
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Fable a7.3 Body axes to wind axes control derivative 
transformations 


Wind axes 

^^1 j 41^.1. 

Body axes 

o 

o o 


XSb cosac + ZSb sin ae 

O 

0 

Ys,. 

75, 

O 

O O 

Za„. 

Zsb cos ofp XSb sin 

0 

0 O 

Ls^ 

LsbCO^Ole+Nsb^^'^Ole 

O 

O 


MSb 

o 

o o 

Nk 

^ Sfy COS (X^ Lsf, 


t"''a*!^ A7.4 l) 

Tal)le A7.4 Wind axes to body axes control derivative 
transformations 


Body axes Wind axes 


o 



o 


Yst, 

O 

Zsb 

o 

Lsb 

O 

M Sb 
^Sb 


Xs^ cosae- Zs^ sina^ 

o 

)X. 

Zs^. cosQ-f +a' 5 h sinae 
Ls^ cosae -Ns^. sinofe 

o 

M 5 h 


Ns^. cosae + Ls^. sina^ 


PDF created with FinePrint pdfFactory trial version http://www.fineprint.com 









8 

Jj'-^ iA jj'-^ 6" t^jLii4j jijJC' (JjjAj 




jjLa^ j(jx j 4 _JJjLja<a j ^ j3*^^ ‘—A8.1 (J 

Table A 8.1 Moment and product of inertia transformations 

from a body to wind axes reference 


Wind axes Body axes 

>»42J| 

4. 

4^ cos“ ae + 4* sin^ - 24 

sin cos a,. 

Av 

h, 


4. 

4t cos^ a^, + 4fc sin“ + 24 

sin a^, cos 

Aiv 

cos ag + sin a^. 


/rjv, 

4zfc(cos^Q'e - sin- a<.) + (4/, 

- 4*) sin ffe cos ae 

A-v. 

A'^fc An'fc 



^Cy^ t_■ >1 -a j ^ j 3*^^ A8.2 cJ 
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Tal)le A 8.2 Moment and product of inertia transformations 
from a wind to body axes reference 


Body axes 

Wind axes 

^Xb 

4h. cos^ ae + Izy,. sin^ ag + 24 ^^, sin cos 

h’b 

4h 


4^ cos^ ae + 4h sin^ ag — Ihz^. sin a<. cos ag 

/r»’6 

^xy^b- 

Ixzb 

4z» (costae - sin^ o-e) + (4» - 4„,) sin ag cos 


lyz^ cos ag + 4vv sin ag 
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A 14^/1 1 


( 1 - i S>Ua) 


- 1 ^ 


: fUVl 

6 

A^^LuiVl (j^\j ^1 
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4jaj.uiJ ' ‘ ^ ( 4jaj.uiJ s^lia] ^ ‘ Cj^ ‘~'' (-jlj^l 1^ 

jJLa j]aj , dlLal^)^_jljS V ' J ‘((3^ <-5^0 j i a^l jJ-a j 

^rA I. ^11 (_J^^ i. jii J i I- a■ ^ 1 j jia ' g (J J J 

<iaijol_jj ojjLIa]l siA ^lijjl jaJJj J^ J J 

200 (j-a lAld-aJ ^1 jj ^)2j& (j-a JP^I l^l sA-a . a.i^l j aljij .IxJ ^^jC. _)W^J 

1" I A.ojoi] ^3j-aj]l I3 Aj . jo-a 

^ <lLua^ I3 a dlL^I .^) ^J 

4iLjal jaJ ^J t(^lijj'^l (_^j 4iLja'^lj) (jljjia]l sL^I 
. dll jo-a_jljS a.2*J a^Uall i^.Iaj 0.2x 3 (jl J;lia3l (j-a_) 

uU^I 

(_]£ ^1-^ (_53 . ^I_^l o2x 3 ^t.j.iLa (Ja^3 (_3Sj (Jj‘ o2& (_5ic- ^^iLa Ujlj^l I3 a 

I g jif- j;3-’ id Jjoi ^ i jLdii.lj LLa_)ij (_533l <J^)]aj3l ^^udi f -(JS ^ jl (_3>-^ 

, Iju^Lla -■' ‘ '~‘" (J^u^liij ijdxj jL^'^ 


^jlaM j\ (_]2xx ‘ ^^dil 


ijm\ 

iJaj (jlj ( 1" I o^LIa jA 0jjL3a3l o3a ^a^l 


, l.'l^A^ 1- ijj^"' ‘ ‘'^ o^lia] ^ ‘ duda^ uj^ ■ 1-^^^ 3~ I ^ 2~ I ^dujl ^ j. 


1 

<xlc. ^.^da 


jj*, j^l 


2j 2^ djjxj 1.1 

^jlxiC- 1.2 

LjjjjUa] dLALii-a 1.3 


2 

o^Uall (jjj jLudl 
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3 

AiLui-ulIj i"'' a 1 t (jlj;lia]l A£.^yx jLlI^I 

4 



^jjL^I 4.1 

dilij^jsj 4.2 


ujL^I Jj 3j]l (jljjl^l 4.3 
(jl aAjL j 4.4 



< _4,5 

Iju^Ua 4.6 

5 


^LlaJI jIxjI 



Aj^)iaij <-a.lLa 5.1 

Lju^Ua] ^Li^l jIjuI 5.2 

6 


(Jj^l jLxjI ^ 

Aj^jiaj <-a.lLa 6.1 

Hi J^Ua 6.2 

7 


a^Uall <lll ~ 

Aj^)iaj 4..a.iLa 7.1 

Ljj^Ua 7.2 

! A umi'i^I <iJa jL*JI ^ 
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^Li^l I— 

Ojill 7.3 

(_^jjol^l cJjjll 7.4 

a^Uall (jAj 7.5 


a^Lla]| /i. 


a^lia]l (JaJ ^Lja&l 


IjlLyi 


8 

Aj ^)a!luj'^ I (jl-alA j A^jL^I 

9 

^1^1 j cJjill J ^Li^l J 

10 

cj5l^l 


11 

u' J:}^' L>^j 


a.^L^ 
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1 


lJjjPU 1.1 

^i J j dll^ljjJ^»Jc- • J Cy^ ^ a^C- ajjLIa]l ^ 

■f^'j <^'j 

^^Ij .a^LIal] ajjli^l j j (J^‘''"j ^\l (J.al jC. a2c. qaiJslij lJ^ 

(jl i-jJfijJI J iLAuC. I^A (jl tdllsA^I s^A iilj (jl (JjLaj Lijl (j.a 

AjA^LiJ j_^J!La]l (jjJ ii.1 ^ AjU^LiJ 

^l) ^It A^Lj Axmj dll j Ad^l L^ UJ^ J ‘. (_5 Aa]I ^jia dl jjUall 

,ojjlj.a]| dl^lS-al (j>j (JliLuo aJL*JI A^LJI Ajd]l i(Ajt^jj Ajjjia 

! j_^l a2c. (j>j ^ ^ a^lia ^(_J^ 

a^Lla]| Aa^aj i. V'lA 
^j^'^-ll Aj^Sj 

A£.^)jjJI 
(_jjC^yJI ^lijj'^l 

‘ ■ 'jl^-^ll 

(jljjiall b2m 
Aj^jUa-nll AiLt.tu> 

A ijll-»/'ll Ja^^j^l AiLuus 
a ;\<-,\ l 
^^>^1 dLilaLa 


4jiafr 1.2 

^till (JSdll LuS (_J^I^)>j AiioiiuiJ ^yij o^lia ■" ‘ '^' Ajiafr 
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. j j (JiLa ta^Uall i"'' Li] <JUa]l ^ g jl 

(^^Luo'i/I ^LLall (^ic. AaIxj) (conceptual) (^-a^LLa]! ^aJ-a^^l ^Li]l SjiaiJI 

Ljajl ^ J iAA^ a]I i"''^]ilj A^ljjJ^^^.^a^LLall , 

dilc. j-n-v -a ^_^>a^LLa]l LjajI A i-^VI j <^LLa]l J t. _ UulLa]! 

J.1^ ^_^.AaAlLa]l I^ Ljajl .^Lluj'i/I ^jl1 i"'' ill-.'i/' u'jj'^' 

. A aK'iil Jjij LjajI J A ijll-.^\l <jjjLLa]l ' ^ 

(jS-aJ ^ dl'i/LaJI ijiasiJ (j^ .o^Uall Aa^a i"'' (.5^ LS"^ . ^"ill 

ajjJ ^ J ■'i .' Ia^I cJj-ixJ (Jl j . i"'! ^J-a^ 

j JI^I ° Ja^i] (Jilii .^"lil i-'l ill-.'i^ La..lic. , jLua]l (_]£^l (J L;JJ^)^l]l 
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j La ^Jic. (preliminary) 


(jl£ jf'^ ' ‘ 0 jjUa]l (j-a ^^ jLaj] ^1 (3^^ dll jljii.1 Lll^ 

. jaS^LlI ^ jL..,i (_^J& ^Ll^l jjI (_jLa ( L^l t . ^11 
4^ljjJj^)/l 3La^!)U ^^Lu^iu l!:A^ I ‘ ^jl ^y>dajj ijg . ^"ill 

^)A|_jia]l (jdxj <l^^)>i]l oLa jjiJI (Jja^Sj (jx -^3^ 

<il3^'^l O'"' jljLi.1 j s-LiiJ dljjJaj]! ^ ^ (j>j jSljj LdjI . dl^Uall ^..li!La]l 


(3a ^ . l^LiKj J o^Uall ^l£>al (_>jojdj i<l^^)3l aiA ^l^Lil Jju 

k.dj]| ".Xad" ^1 ajjUa]l (_5-d 


. ,aJ>a>. 


^LiJ <-a3^l 3 j‘'d ^Oaj jis^Ual] 3‘^°'"" jjJ 


. a^Uall 

L»a^ ^^ALLall 1 dill o ‘ ' i _9^^ ILa Ijjlj^ J 

(^Wq'l L_ajjjj La ILa (jl ajj^)Ad]lj (_ 5 -i*J J idi^l A^l (j-a jLdii.1 j <a^jj (jlS (_3f*JJ La) 

Uj jjlial CiLIiala 1.3 

<iaijol JJ 3-**J ‘ ( 5 — 10 ) IgLjjSj ijo-a (_3I ^ '^OJ* ‘ s^Lia J^. di 

i (10 — 30 AW ) ^Lui-a t<LaC. a3^ 3-^^ dijlj ^ 3* ‘ ^ ls^ t!l^)i-a 

0 1 ^ 3 ' y ojjLLall IgJJ^ 10 (j-s 3^' ‘ IOOaw/ 5 (j-a (Jsl LgLc-jxa 

<Ixuj| jj l^lijjl ^ ia^ , l^L^L 3ljA OJ^ (jl l/l.\'.aJ (j3aJ 3 -■''I 

^'^l (j^ ‘^dajl aL^'^l ^ 3W-^ ^Ldl Lljl£.alj) Ou (jC- 3W-^ 

(Jj 3 <j.a ^aj'a^ 11 ^aS^jll Lai t ^1 a^LIa]l j3aLuj (3 a tOO^ 3 3 

^ 3j3a]l 4dl£-al ^ t 5 ^ jaS^3l _jA La jJiJ ^lijj'^lj jaS^3l 

a.XaC.1 J ^iLk^ (j>j ^jLl La o^LIa]l 4j.l 'u.o 4ia*Lui3l 3 j3l . Li^jj-aj 
<JjlJa3l (_3c- 3'**:J ‘ ^ 3^)^^ LLa3L^ ^dajl . j_^l^)3l j ^LaJ] ^Ld'^L jda]^ J 

^Ja3 j '^^^I'^II (3j 3I (j-a 3^)^ILa]l <i3?-^^ {“-^^LuoJj SCrVO (_5-'S^) 

3W^ Li-a3L-uJ Ldjl t(Ldjl I-jLlWI (jdsj '^Ic- 3 II (jS-aJj i f.) _j^l dl^Ua 

3l-g -^J SeVO 11 (jC- »laiedu^I (jS-aJj) . jo-a 300 (j-a ^>31 aliaj B.i^l j aldj Jju (jC. 

.(^-iL^I ^)]ajl t Ji-JjL^3l ^ .IxJ (j& X^-ill 
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2 

SjjUal) jLii) 


I^A .ajjlia]! (j_)j ®(Jui^ i"'' lll-■^l/^ ,2«J 

, dll jl-'^ll -a 1.2^ ^.2^1 

liA j j»l^)^_A j^ aA^j (jl (j^jiiaj (jjjjj^l (jl _jAj ^Lui lia^ <d 

. (N) 0^ t A i'‘X\l o.l^j jA (Kg) ^1 ^)C._jiiS]li ( lia^ 

: i^j (m —j l-g-3 j^jij) Aij^lj (W —j <1 j^jrjj) ujj^' lilljAj 

W = mg 

^ jl-ujj LIjIjS ^ s^jdu id JJMj 9Stnl S^ i _$jLuoJj Ajdaj'^l 4^jL^I ^jld _jA g 


10m/ 5 " 


;Uj >jU3 

jldj d jjM li] t (5 — lOKg ) Ia^Uaj i-d^ LijI t"'! ^ Lila 

. VON JA jjjll J J\ ‘ 7Kg 

. aJIjII dl Jill'S lillil sjj^)d Idlj (jj j Jjdj I^A Ixjia 
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3 

^^LuuII) iliLs<^l^ 9 «a'J ( ^S>^yM ^1 j'i'^l 


a^Uall ^\l (J^ujij ^ i (.5^ J a^Uall (j^jSlLuj Li^jj>aj 

lAAic. ajjla (jjSj ojjUall (J^-aij (jl dijlj ^jLuilj ij^ji^^ (_5^ jamu] 

(.5^^ _jA (j-a_) (jjj .s^Uall ^iiia i ((jljjia]l A£.^yx) (jljjia]l 

a^Uall (J‘ AiLui<a]l ^Lui-aj ijjl jjia]l A£.^yM Jj o^Uall (_J.k^J 

. (jl J;lia]l 

(j^ (jl di^ (jl ^jialuij Clijlii]l ^jLujji] Cll'^jljL-a Lix^j lj]i 

(mls^ jj a) ojjUa]l ^jLdj (mls L§j^jj V) u'j:}^' 

L_L^jJ ((jla) m I g'l . 'l^ jj X) ^Lui-aj ((^Ij) S <J.li.jj t) (j-ajj 

! (jjjJti]l (j^jLat-allj 

y 

t = — 

a 


X = 


2a 


(jljAiJ I_^ jLuiil] IjjLil^l (jl (jjUajLuJI (j^jljL»a]l i^jA 

4iLui<aj Cy^l) 


Uj pUa 

jjl i_j^j ia^Uall a^Uall ^ jLuij (jjSj (jl t 

■ OiJi^ Cy^jj '•^ 

^l) (g) Ajdaj*^! A^jL^I ^jLuii] ^jLui<a ^jLuii]l (jl i_ 

t 100ml s (j-a (Jal (jjSj (jl (._ L^l diLALla (j-as ^ j*a]l Lai , ( 10ml s^ 

i( 10 — 30m ) (j-a (jjSj (jl '•Nj '-»j^>^'ill t."! il?-i'i^ (j>j ^Lui-aj 

! AIjLuJI <3jljL<a]l ^IdallujLj ^^^*^1 4iLui-a ' j \/ = 90 aw/ S A£.^)^I ^ 

V y" 90" ,„_ 

X = — =-= 405 m 

2a 2x10 
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j ^ jLuiill ^ U^ i" y ^jjj t i"''(3^^ ^ J 

Lai (_3^Lua]l ^jLuii]l (Jjosj (j^l ‘ 4iLui<a] .^"ill i"''ill-i'i^ 3^^^] 

^LuiA J i V = 20 mls ^j^l 


X = 


2a 


20 " 

2x10 


= 20m 


I 3^3 ‘'I ‘‘ ^'11 dlLUa^a] AISi] jji 


V 20 . 

t = = — = 2s 

a 10 


(Ljajl J 

^315^1 «.ljjl ^jLuii]l J = 20m/ 5 ) A^^yji 3_j^ <—Iju^Ua] 33 

. {t = 2s) ^'^y\ 3 -jjj (X =20m) {a = lOm/s^) 

IaLjO^I dlliA^Ij>a]l ILa L^-^j 3^ 42l!l]l ^"ill dll jia^ ^-iMil-lallj 

ajl&jj 4_JJ ^)^J LIA ^>»ia i (^^>^1 ■■'■ '-‘"y i"'! (j^jl*jj 

c3f*^ ^ ^3 aj . I-ISa j i ^ .^"ill j-'l ill-.'i^ t-'a'a^"' (_Ja (J^l 

, ^^AlLall 1 dill J^'^l 3‘^°ll 

(_J.dj 3 I (^j .I»J od-a] (_la»J (. 5 ^ J ^^'u .1 | <Jaa,3La 

I Am jlLa i_i*^ ^)^l (jdidiluj ^ (ii3^)i-a]l L_a3jjj ^ ( {25ml S^ (_ 5 lj As ,^)^l 

ii3^)i^l (3aC. 3^3^ . 0 jjUa]l ?-ilg'lj (20m/ 5 ) (_ 5 lj ^^)^l 3^3^^ 3^ a3^ -^J 


:_jA 


t 


thrust 


y _ 25 

a 10 


2.55 
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4 


^jjUail f.\y^\ 4.1 

(j>j (j^jSjJ jib j J ^ ^^^'i 'y 

', {^XmLUJ ‘ ^ J ^1 JP^I 

jl ^1 •>^ ^ ^ 



dlilallj I jLa ^ jLii] ^iij^ ^ jj (ji.LuJ jlc- Lij.^ Jj3_j]l (jl jp^l -lie. 

. (_i3La]l 2 j jM 0 j3 IjAic. Lilia i<JC.^).jo jji 

CliiiA]l J i (j^Ltll J Li . >iil jjl 1 _ '-vj (jl 4i^)& L_a!ilc. 

ajlc. ^J Li . >i\l J <^LtJI (J ^1 ‘ (dliiall (jjc. L^ jj-to^ 

.2^ ji]l 

aAjc. L_a!ilc. .aic. !iliLa) Jja_j]l ^L.J jjl(J*^jl LjjI Ijj 

. (jl^j-oj ^jlfr ajLuj <lLL^I t _ 

.ain^c. ^Ijjl <3J (igniter) J*JLi3l ^L.J jj ^ jjajll JLoil 

ejlLjau 4.2 

Clijlii3l J i Axuiillj X a ja (_J.alSj i^ib I^ 4jt3^| 

I,=Fh 

(<jl^j]|J AjIaJI ^ <Jli!ij'i/l diljpall (JIaaL) (jAj jib tj^ LLu 


t clijlii3l J . Jj3_jl3 (j_)j J (J^ ajc. ^jj3l <*3^1 


Jli 31 £ 


/ = 


Ft 


mpg m^g 


. Jj3jl] ^Uill ^ 3"<3I ^ m tin 
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uiLall 4.3 

(jl (. 5 ^ l)-^*^ S-y^)^ (jS-a-all (j.a t _ ' 1 . ^\l Jj 3 jj>s Jj,iii] 

! (..jliSj ajlfr j . (jl AAjL )-»».>) A-iU*J 

r = aPc 

j Pa. a. 1 ^^ 4i^)& ?-»ai .>i _jA j ml S s.1^^ J_j3^1 (J.ix.a _jA f 

. ^j"^! Jj3_j]I ^_jj (_5-lc- .IaIxj Cli>LaljL-a n ja 


^1 ^j& JaLuaj ^Jill 4.4 


aJjIjlaIIj t Ai^)& ^ 


p. = 


Knap, 


I g '^- 


” c, , 

V ^ y 


(jl ^ia^uj <^Lua.a ^jLuoJj 1.1^ (J.alji.a _jA K^ du 

^1 i dliiAll (3jc- A^Lui-a (_5^ 

V — ^ 

" A 

^^ (.5^ IjLiUC. 1 Aiijlj A.a^ a 3 ajl& ( AjLuiiJ AljljL-a a 3j t (.S"***^ Cp 

, ‘ Jj3^l AiliiS Pp J ■ 


! aJjIxAIj t ^ (j.a 


CpA,P^ 


, (jl ^ia^uj A^LuiA ^llilljj K^ (jL^ljjJ sj3J ?a» >^11 (jl ia^!^ 

^ (3^ jo^VI ^Ijjl AjjIj (3^ jo^I A^Lui-9 ^_^ia*j J j3 ^1 3£d (jlj I j] 



', (3ljia.'^l ClllA^)i3 !liliLa tjj^lj )-»» .>1J 


J> 



! (JSdll (jLa ( 3 ^ l-al 
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4i^)& ^j li] i (jl jljjj (jl ^Jiijj <^Lu4-a (jl _j]l (3^ 


. i^ji^\ «.ljj 1 (jbljjj 



Star 


. (jl «.ljjl 1" 'K ^a' Ti /> j l-»i . >1 j A^Luia 



Wagon wheel 




(JjSjII 4.5 

(_^La A ij» ^^ <1 11 ^ 'll ^11 J Cy^ 

^^)xa]j . .. J (jus'll J (jl Clj!)Laljt.aj j j A^ 

^1 jji J ^Ic. aJj-ull J (Jjl.1^1 siA 

, 2 Clljjoj'^I 


Uj jjUa d >a.4 4.6 

. Lju^LIa 1^ 1-1^ jjL.^1 liA .ixj 

(jl J i 2.5s (_J.4C. (jl lj3^)C. il tuil dll jla^ (j>j 

(_JSj LJ_jlLua]l ^.21 t _ ' (jjj . lOtnl S^ sjl.lLaJ dijlii l^£.jLuij ^jl j VKg a^LIa]l 

l_^\ i (jjj^ (j^la ^JaLujJ 

F=ma = 7x10 = 702/ 


■ 2.5s ad] t 70N fl^ljlLa j dulj 4 jl 3J ^a^iu^j ^jl ‘(j.^! 

jliido AjIc .j i^lii (jljfl^l <^Lui -9 aLix.a <djlj]l ^.lll 

: (jljli.'^l did jL 
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Jj3J ( — TZ / 4 (jl j-a^lj dliLull (_3^ ^jiaa] 3^^)^ cii^ 

)h ~ -5=^'^ ) /p J^Lj J j3 j]l J jU j ( Aij =TZ D^ / 4 (j1 Jaa.'^ ) Ja jILj 

((LjiiaLj 


! (J‘ajlc-j 


3 

4 



(65/35) ^liLa I_a^jxM ’'J 


:^l:i]| <1 ^KN/SU 


7^=1305 a = 3x10“'m/5/Pa"-" p^ 
n = 0.4 


mo Kg I m^ Cp^l.5 

LoA^ J 


/^„>110 

D^ > 6.35 X10“'m 


1CIdjojI (_5Jt3 1^ ' -"g j ^jj"' lW'^ ‘ j 

. (JSLiuj (J4jtu-s ' .n,o'ial' 4. /i Jjjl ^ji2jS ^1 


©4*.J 4jSj]l IjlA ^4i-ajj t o,;^a>>iV 1 c-ljjl ^\ jAj) ^j^Ij jJl J %65j %33 L>* J ^ 

;iajl^l l4A ,_5ic. 

http://www.iamesvawn.com/skillet/large/index.html 

J j:^i^J 

http://www.jamesvawn.com/skillet/large/propellant3-18-Q6A.wmv 
(eorn syrup) l)- ol.ii.SjoV Usui *^j lAj£j jSuiSl £^1 jji -oUiSjoV V j I ^ya ^ V 

iaSiJi (_>uIj 3 ^U-i-o USjI j^UjJl j Ijli %65j % 35 S-i-kSilj) pjJl J J jUiJl -oljiSoil (_]j i 

4ijAr- jlj^l eVlSo (jj^ ^ ^ 4jl,iil>,>il n -ol.iiSjolj tl^.'^r- «.UsSjoV) V) 

aJI& 43lj:ia.l ^jSi ( jl.ic. V) c.l-u) jy^'O ^ ^ JjSji) 4.Aw)lSoiL (..jj^iauj JaaliJl t.,^ i^i]l ck-aJ V 

^j ^^ j I 4.^1 U-du) . 6jji, >CjUaS J ^ ^ J LS^J*^^ ^ USu) . j4aJl ^1.5^JJ *■ ."'>J^ 

C5^ ^Sa^ V 6jlj.adl 4ajJ j I UlSj) ©42 ^.jj ^siaSl 

J (JxSa]! •^IS-a 3,.)^ U-ajI 4 j3j , 4SaV) ©)jj-a -^IS-a j_gi ^ ^aAl j) ) SjjjSV) ^^ Au.iUolL 

• jli> l 4 A j_gi ^. 4 .)r>juuj 4 ,a^.o ^IS-a 

http: //w w w. nakka-rocketrv.net/ 

lljli ( ^ 4 ]! t. Ojii.>>> 4 jSj U 4 jc. ^JJ jls (^ 4 ]! t. Sji.>>> 4 j 3 j]l ^j.o <LjoIj 4 ^ 

ejjUa]) jjlnlui ^UlLj ( ©.Ij^l ^jlSal j jU-m t. ^4 ^iSl Kik^jj ( i jV) 4 s.j cJ-au ©jjUall 

[4;^ UJ^ ^jU]l uUiJV) 4jSj j I ,V*i3r-l 4j>>il><i\ljj ((d4ljjj (.4lj2&-dl 1^ 3^ ©4^) tjfuU ^jia ©4 a! 
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(j-a A£.Ij^j LijI j ( lj.lj& j!La <^.2x-a ajJ^ljl (j& (j'VI 

t (u^j 3 ‘ ijiji 2.5 i (jiji 2 t (jiji 1 ) jUas’^L 

. (0.0762m t 0.0635m t 0.0508m t 0.0254m) jia 

C1j'^jIjLa]I J t ^ ‘ ^ i siA J Lulij (j'VI 

( (ixjia l 3 ^ aj_jSA-a]l 


3 

4 



: u^j 


D. 

(m) 

A 

(m) 

K„ 

0.0254 

0.0006 

1789.259 

0.0508 

0.003397 

223.6573 

0.0635 

0.005934 

114.5126 

0.0762 

0.009361 

66.26884 


lil t iaj2i]l (3^^ jISjj cJJ aj2i]l (_ 3 ^^ jlSj = 0.0635 tn J ii^5U 

. 'a.j'34.u.i 

J3U 4i^)& ^ t ' 


K„ap^ 


u'^-’ 

c. 


^jIjia]I n J 3. ^aJ3 J 4.AJa]l siA (j.<a jxjj i P 11.68 xlOVa ^ J* 

D ^ 

r = aPc 

r = 9.21 xl{y^ mls Jljli.! 

(2.5s <j' 145 (^ 41 ) 3^ r (-jLuiaJj 


h = 


4 = 0.023m ^ lU 




n D 

m^ = p^l,^^ = 0.l3Kg 
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( . ., , j dliLa]! j I 4i^)&) c I <3jS jjl j 

( 0 jtlA-a aJjS J i 0.33Kg Ia jl.2La a^Uall <1 jS (_^ic. (_Jj 0.2Kg 

^lj]| (J£^l ^ (j.<aiia 


T 

6.35 cm 

1 





J5.9 mm 


2.3cm 


1 - Sutton, “Rocket Propulsion elements” , 7* edition 

2 - http://www.iamesvawn.com/ 

3 - http: //WWW. nakka-rocketry. net/ 
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5 

jbul 


4^jiu 5.1 

(jC. (Jj^.ui»a]l o^)j!i*j i_( ^Lj^l _jA a^LIa]l (jC- >>1^1^! (Jj^.ui<a]l 

. loA 

',l_$\ t^)]aL±i-a ^y\ y ^iaLa jjj t ((JjiaLuiX ^Ij^) <3;}ialuiA]l <Jj!lui-a]l jj ^Li^l 


>J5LiXo cuJI^ 


■ T 

tmaxi C C 

-b- 

1 -C- 1 

'/ ' 

c 

1- 

_S 



S = cb 


jjj C 

^Ij^l ^Lj (_5-a.uij b 

^max 

! ^jLuojj S (_5-'*-^ '' A^Lui<9 

^jLuoj A ^Liii] a^LJI 4.it.j.ij]| 


A = 


b 


0(J^Ia ^IjS ajl&j ^jialuij j 

b = -JSA 
c = 4sTa 

u]^ (jj|jjia]| sL^I (j& ^Lj^l ^jO) OC ^V A£.^)AiJ s^LIa]l JjiaJ LuAic 
(jC. ^ J JJ J ^J ^Iaua (_5-1c- Ia jSjA ^J * 

aj^l ajjUa]l ^Lla&l jc. <3j^ajjAll i ajjLIa3l Agun ^ aj3 <3 jIjla 

. ajjLiAll 
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L = |py^5Q„a 


sj3 L 

( 1.2.2,5Kg Int^ L_aj^>]a]l ^ ^jLuijj) ^liiS p 

a^LIa]| Xc. ^yji V 


((jljJall sL^I (jC. cJrJ-a ^jO) f J>g OC 

^Li^l 4 tu^ S 


(J^lx-a AilluLa C^ 

(j^ ^ IJA j a j3 jljjfluo ^ji'Ng \l dljl j Luis <jl ^jLlaII ILa (j>j 

4jjl^l sLa j t aLaJ ^Li^l lA-lic 4 n» a ^jI_) (_^j cJ 

JSLill jiaji i OCj 



<jjl j (J j (.5^ l) ‘. L)^ ‘ (.5^ AaIxj AjjI_^I oLa j 

(jlS-ayi (-1*-?-^ (j^ JJ S-'^J ‘ (^j j*" 

.(14% (>J ^J3 (?/J*^ u' (jj^ L> ) ' 

! ^jLlaIL t _ '“’^J L-'j^"'*'’'"" '•^11 (JxLos 

1 

4_JC.IJ| <J.uiil| ^ A Lj^ 

LjajI J (_Jj t.1^ ILaj C^pj ^4^41^ ^Liujjll ajLj (jl ^Ijlx-ull sLa i^ja 

jjj ^1 ij\) a^j21\ cjl jlUoll ^ ILa J i Aa jlLull AJjaJ JJ jouo 


27l4 1 

'““ 2 +V 4 +A- 57.3 


("■ 
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(jjSj (jl t A Isf-ila t(ljj^Ua LuS 

.^Lill (Jj_jia]l ^Llii] <1^ ^ 


Uj pUal Jbui ^ 5.2 

A=5 j t <^LJI <J.t.j.u]l jliiil ^j'VI a 


C 


La 




C,„ = — ('’^') = 0.074 


'2 + V 4 + 5 " 57.3 

Aic. ( V=20ni/S (j^jSlijo .lie. o^Uall Xc.^yji (jl AIjLuJI (J.1^1 lj]3 

li] ta^Ua]! (j j_j] AjjLui.a * j3 (j^jSj (jl t 


W = L 


W = \pV,^^SC^a 


TO 


(Take-Off) i':^':^ TO 

{»j5UI (j-a Bjji-i-a ^JO ^Li^l 4 jjI j 

(j-a ajJ^ UJ^ J ‘(^jj ^4^1 A tM.a ajLj ^ 

lAikLluo li] ( (_5^ J a^Uallj a-ljjl 4 jjI j Jj (_J.k^ ^ fJ^UI 

.(12'^ J 'Aisj ^.' (_5^^ (j^ (.5^j) 8° ^ 

i^Li^l A ^1 tM.a t ' (j .^jxj (j'VI 

70 = IX1.2 X 20^ X 5 X 0.074 x 8° 

=> 5 = 0.49 

JJ^I (J^jiaj ^141 t.. Um^ I jj'^l 

b = .^5^ = V0.49 X 5 = 1.56m 
c = V^ = V04^ = 0.3 Im 

Ajj 3 <nj LLajL (jl I^A j i ajjLIa]l (jx (J_jial ^Ij^l (jl ia^!4j 

' t (Jjja^nii (Jiji <jj4l (jl <4141 dlljJ-i's j (jj 14 i<3 (^4^ J) 

(_Jj ^iJaj ^Jl (J‘^' J (jj 4 Um' ll (_]4ajj LiA ^Jl ^_j^^l 

^"’'l 1^ ^4bJ , (J‘<4l.i4l dljl-»<ll lJ:J-^*4I j ^_j^^l LLa_^ 4 


■ (.5-‘V^^44I 


jaj-vg^l j (jJ) jlsuJa^ i (_).aaljj oUjt.0 iJae. Baj j l^);iiajl jlj<>''u.iVl j I oL^Vl *■ _ l>J ^ 

Cy^ 4j V te^UaJl Jiaiijiujjj jLi^Vl j (^j UjV VI ^4c. t.,.iA.j ^j£j ls^ AiaSla-ftil 

.(Jjiiaj tja^ ji ^VliiVl ^ jAjj )n;g,3 (jA^l ^j-Q 6ja3 jjj-o Lo^ic- )njg,3 ©jjUall 
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b = 1.56m 
c = 0.31m 
= 8 '’ 

A=5 

S = 0.49m' 

^Ll^l .n. jj. ^ ■ ^°Fs/l l.4^tj.ll Lai 


Corke , “Design of aircraft” , 2003 
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Jjiil jUjI 


Ajjiu 6.1 

^ (j.a aJ] ^Lla&l ^Lja'^lj tajjlial] Ajjl^)a!lujl <iLIa&l ^j 

. (_]j (j>J 

(Jjjil j.a^)luj . A*.Jaj] i_Jjjij'^l (jlS.a]l (jC. j (Jjjll jIjijI ■■' ■'-‘' (jC. ‘''' I^A 

Ulix^a W >JLj HT >jlL JjiUj VT >JL ^1 j]l 

l»<a L_a^)*j] (J^ Jj ^)iaijl Ljajl , IjiSa ji A^Lua/j 

A Aiil 


Cw/4 


r 


VT 


■VH 


/ 


I- 


HT 


Syj^ = 0.03-^'^^'^ 


I 


VT 


S„^=0.5^^ 


„HJ 


JJL Jal jl ajjUa]l Jjia >■ < . .^1 Ifjj J lyj ijj$^ 

! A^lilll ^jljL.a]lj 1 _ j^iutJI (Jj^l A^Luus Lai 


! 4jlj]| A^^)^j]l a3jLx-uIIj 1 _ I (JjLil A^Luoau Lai 


(b C S —J ILLa L>jj) ^liaJI ^L Jjiaj JMj JjLj ^LaLa ^ b^ C^ S^ Lin 
L_aJAJJ J , Lmjij SJ;!^ L)J^ l) j Ia jliiiuj Afjj lJjLI] A^LJI 4.it.aj]l 

! ( (_^Lua]I (J‘ ^»II ljlx3 LaS) t _ '1^' (jl Li1. ,11 I j] i (JSaaJI (Jjiallu4-a I lJjL^I jlLij 

buT — -sl^^iT^^TTT 
Cht — ^I^HT ^ ^ht 

, jLila ^_^ic.l jl ^^^ia'l/l sijUtAua jl ^l-i?-5l L>» ^^^ia'l/l (JjLII (jj^ L)l (J* 
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^(_]j (2 — 1.5) s.2ic. (jjSj j>4*ji (_]jiii 4^121 ^ uM'ii 
A UMiili (JjiaiijiA 4jl Loj) . (X/ ~ 0 . 5 ) 0.5 ajlc ^jLuoJ sjMj cJ^jla 

[ a ^\ tM.a\l (_^Jc. 4-aj.ujLa ^121 (Jjia liA lALix-a ^'^121 


h = h\ A 

UyT '\J ‘^VT ''^VT 


25. 


VT 


'VT,r 


^VTJ 


byj.{l+X) 
2X 5yj. 



VT.r 


Uj.^Ua 6.2 


o^Uall J CljLiUaJ^ Ijls 


/^j. ~ ^ = 0.5m 


51^ (jsl sii.Lluo li] (jC. ^JaiLa (j^jSj (jl t _ 4jl Ij]^ (Jjjll Lai 

. lyj ~ 0.4m 

^jLuij cJ^LlI 4^Lui<a 

= 0.5 = o.5 Q-3\^Q-4g = 0.152m" 


I j^'j' ^ 


! jLxjVI (^ 5^ 5 <j^ 

buT = -sjSjjj Ajjj = Vo.152x5 = 0.87m 
Crt = sjSfjT / ^HT ~ Vo.152/5 = 0.17m 
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Sy^ = 0.03^^ = 0 = 0.057m' 

l„ 0.4 

: u^j (A/r=l-7) 1.7 jLuoJ l):J^ A^LJI 4.it.j.ij]| 
byj=pyjAyj. =V0.057xl.7 =0.311m 


2S 


VT 


2x0.057 


-VT,r 


'b„{l + X) 031x (1 + 0.5) 


= 0.245m 


2XS 


VT 


2x0.5x0.057 


byj{l + X) 0.31X (1 + 0.5) 

aj.lilua3 (Jjill 1.4.am Lai i<a^5UI ^ 


= 0.12m 


aj]| djljiai. ^‘^l Ojill ciLam 

(JjLlI 1.4 xtm (jal j 


Corke , “Design of aircraft” , 2003 


^.^l^yill 
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7 


Ajjiu 7.1 

(jl Aj ( . .. ^'-IjSLa jl ajLijjj jl a^Ua) AjS^IS^ <31 <j«Ja3 ■■' ■ .ijc 
(j^jSj (jl Aj I ■ ^jl i(!)liL9 ^Jakjj jl ^)xuSju ^ (jl) <*Jaa3l a^A jlg-JJ ^ (jl (_ 5 ^ 

(jjJ I ^ J ><'i...l (jS.aJ <j«Ja3 ^ '»<! jLxjI L_a^)*j (jl ' '-■'gj <xiaia3l aiA 

(jl oj Jj ‘ jl^'^l jI^I (j^ Jal (jjSj (jl <jJa3 ^J\ ■i'-6-?.‘^l (j' u' 

^)^l ^ j jlb (jLa'^ I (jl t" i (jLa'^ I (.5^ ^ j>.t.i.iLa I ■^l-g-^l (j.a lJ^I OJ^ 

.(1.5 ajlfr (jjSj djl jjUa3l 1 (jA 

jlg^l (jc. a^)S3j <-li*-a a jS (j-a ^lj3l jLg^'^l (jc. ii.lj (jl t (j'VI (jjj 


laj3 (j& ^l-j3l jlg-^*^l 

jLg^l j 3-»l». >1 iV I jlg^l J Awoll ■.^Lg^l J ® (j^ <.^lj3l diljlg^'^l (j-a ^ _jjl cli5lj tilLiA 

: jai cJS-ill J^\ i “^1 


yjii 


JoIsa^jI p 


t — r 

b 

lD 

—X*. 

CZl 

Li) 


2:=c>p 


A <U>Lix) \S^j^ gJoix) 




\J^ 




X^jJ 
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^Lill (jls ^3^ Ls^ P La 3-^^ Ijjjl ^ ! o diill •JL^^I — 1 

.( 1 ) 

A 

(j.<aa]l .^Lg^l (jU ^3^ (.5^ f* IajI-'^ 3jpl ^ ! o 1-.'i.>1 iVI jLg^l — 2 

jLijoj ^Lill 

a=^.(2) 

A 

^Lill (J.<aa]l .^Lg^l (jji t (■ P La 3 JlLa (J.<a3 a 3jjl 3 ■ X — 3 

x=^.(3) 

A 

LuS <AlalLo <iJajLc. (_3^ ^3*^ !)Li<9 j3*^^ 3^ Lulij 3 dlljLg^'^l LjajI 

31311 


pjs: 

M 





pjS^ 

M 


3 (.5^^ J ^itJLa ^L3I jLg^'^l (jjSj 


a = 


A^3n 


.(4) 


^331 _jA M 3j^ 

<AJajLxi] ^JaLall 4iL^j ^JaLull <^Luj>j 3^^)^ UrH ^L^jaAI 3max 

. jL*il ^iaLal] 3^131 j j»3^ 3^ I 

t 3^ ^^ ’J.''" 3max J ^L^LujAI j I 3^131 ^j. ^all ^^jc- 

3 I (^1 ■ (.5-*^^>3I ^JaLall 3 jLoj 1 I ^j!lt.>u> JjAI ^3*3 o3k 3 ^ (J! oL^'^l 



^LiJ jA 33^JaLoll 

(1) Jj^' 



A 

I 

y max 

T 

H 

1 



BH 

BH^ 

H 

I 



12 

2 


B 1 
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(jU ((_^.Auoj) (j-» (. 5 -^^ 

4.^0^ j Uall La .lie ^iakjj .1 mi 1] 4^ lilllA j A * ?->q\l 1^ 

, 4 jtJa^| La .lie ^j.<aljj I J ‘ Ajiia^l Ijb .lie. !-■'».>» \ I 

^till (Jj. 1^1 ^iliLa i(JIj. 1^1 (j-a ii.lj j i4j«Jaa]l ojLa (_ 5 -lc- .Xiusu a^A dlljLg^l j 


(2) Jjo^l 


ajLall 

P 

Kg / m^ 

A^) 

xloVa 

(ij^O 

xlO'’Pa 

E 

[Aj (_J-alji-a) 

xlOVa 

Steel(ASTM- 

7860 

250 

145 

200 


PDF created with FinePrint pdfFactory trial version http://www.fineprint.com 
























A36) 





Steel(ASTM- 
A913) Grade 
450 

7920 

450 

145 

200 

Aluminum 

1100- 

H14(99%A1) 

2710 

95 

55 

70 

Aluminum 

2014-T6 

2800 

400 

230 

75 


‘ ‘"') ^jjLiLa ‘ ^^ IjliaC-l (_]^.l^l ^1 Ja^'^ 


(jl t _ '•^J (Jj tlg'lUt^l jA J.iaj !)liLa ^SjUuII (jl i—a^)*j (jl ^ (jjj . ^j^uaT^I 

. (jl jaI] AjUa^aII ^^)ai]I (^)a oUaXA (jSj (jl CIiIa^jIxa I—a^)*j 


;^lauJ^I jL^JI ^U-»' 

(jA (Jsl diljLg^l Aic. (j^ ^-3^ t^ljA 1-'». >iiVI jLg^l 1^ 


a jjla IgjLA J_^»J ^ B^jj.^aJ <j«Jaa]l (_5-iilj Clu 


p 


a 


cr 


n^EI 


(5) 




.a jsl\ i_$\ Ja^j (_gJ& 



^jIxaILj t _ '“’^J a^AC-!^ ^IjL^'^l 


.2a1».j (-Jj^)AiaA JjAxI] f^j\joi^j 


1 Jj|A».l] ^^1 £a]I (_]^^ia]l jA 


h ^ 

C5^ 


(5.=KE 


\^J 


^jLxaIIj t _ a. ^\i .^l^-^l 


( 6 ) 


b J ^ J <.-^1^**1 jSti t 
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(j^^)ia]l ^(.5^ '1^»J (_J-aljL-a K J 

jIj^I (_]jl.i^ ajUull ‘ J^J (J^jLx^j jA Ej ^ ‘ ^"i-v /'ll 


^ jjmIa (j-a (Jsl ^3^ L5^ (.5^ Aiill UJ^ l) ‘. 'T^J S^Uall (jij 

(jjj ((4£-jLla/a]l ’'' g ' L^jSJ ^jLuoJ _jAj) ( (jLa'^l (jxljt^) 1.5 (. 5 !^. 


a <a„/1.5 


a <a. 


.(7) 


. (J.<aa]l j 1-' » . >1 iV I (jC. ^51^1 (Jjoijj 

( 1 . 5 ) (3aljt^ (.5^ ^j).t.uLtt (j-a lJsI 1-.' » . >1 iVI jLg^l (jjSj (jl t _ 

Jl ‘ 

a <a„/1.5.(8) 


UjjjUa^U^MuL 7.2 

Aj-uj^j A^^ajlc (j-a (jjSju j ^Llii] Ajaj^ A.^ jlliAijj 



! ^Oiuuj >SI 4 »u 3 jbdl ‘ ^''' 

(jl ajl& ^Ij^l AjiSLA (j>j jj^1 ^Luj-a (_5-lc- a-2j-a Ajuij'i^l A^JajljiJI 

. Ig-Jjla >■ < t <^Tl .a (jx a^lia]| (jdJ ^>a A ja (j^jSjj t aj3 (jC- (_l-a^JJ 

. L_a5liJI J l§3c. di ^J 

(_5-lc- Ac i_j J* ^a\l a j3 ^ja ^Lj ^3^ ^ t ' (jl t (j'VI 

(j^jSj Adajlxll (_5lc- SJJ3^^ ®ui^ ‘ (.5^ ^liajlj ^3j^ ®3^ Llda^ _j] 
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A&jyi L §3^1 033 
^LcsJI 

^ 



gx> Cuj^ 
bjjUaJI 

l^\ i(_5a^A .2^_jj ^ 

L/2 L/2 

A 


t 



b/4 


^ Max 


^ Max 


Lb _ Lb 
24~Y 


Wb 


i j ^Li^l ^ dimill A J-iVi 2jc. (jjSj ^. ^iN\ (jjj 


(jjj i 2 W ,j.ilx.j.i ^ ^ ^1 ILiLuj Lils 


a = 


(4) _j*j ^ 3 *^^ ^ 2^141 a^jlxJI ^ 

M_y^=EAy^ 

I 4 / 

a 3 jLa ^j\-6\ (J-alxAj) J)\. 1 ^L^ I (j^ jlatij^ CJ ^ (3* U‘ _ '•^J ILLuj Lils LuS j 

( 1.5 

^ Mojc ^ ^ y 

W by 

=> -r’W<Q 

4/ " 

jIjuI (jC. 3^^ (jl t _ (jjj i(Ja^)4i]l) ' g ^jLxa]! aiA j 

jliia:L*i (jlSUI {o y ^J2\) ajLall ^jj j ( J I J. ^VuM J^'j) J*j' ^r^aiJI 
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j ^ialLallj ^ Lj-lic j!La]l ^jc. Liiij Lljl 





I 


t=0.002 m 


T 

0.03 m 

i 


0.005 m 


0.04 m 


ay = 270x10* Pa 


250 > 
P=7860 Kg/m ^ 


ay =250x10* Pa 


0.01 m 

t 

ay=100x10*Pa 


P=2720 Kg/m 3 

<<J la jJi]l (3^ cJa ^S jjj ^^iaLj yMax J ^ U^' 


P=7960 Kg/m 3 

4/ 

JjaLull jh c) 5 lila Ijjl jSjj Ljaji) i{W = ION j b = 1.56m 

. ((?/~ 0.14) jA (LiA jL*JI ^JaLj ^lij jl i^\) 

. J•‘LJajUJI (jjj ijjSj (jl Jjjj l-^l ‘( (t ~ 0.14x0.31 ~ 0.04m) (_ 5 l 

(J j'^l ^JaLallj Id^ 

t=0.002 m 




0.04 m 


/ = 


0.01 m 

jk^sioW 

ay =100x10*Pa 
P=2720 Kg/m 3 

■ ( 1 ) 

B^H-b^h 0.04^x0.01-(0.04-2x0.002)^x(0.01-2x0.002) 


12 


12 


PDF created with FinePrint pdfFactory trial version http://www.fineprint.com 

















=>/ = 3xlO^^ 

0-04 

Jmax =-= 0-02m 


2 

Wby^ 


70x1.56x0.02 ^jg^ 2 xlO‘Pa 


4/ 4x3x10"“ 

_jA ^JaLoll ^lijjl (jl ( (3^^ Jaj2i]l (jjj 1^0.^= 100x10^) (j-a (Jsl 

. Liiiuol LaS l^Liij jjjI Ig-j 4-a^l j 0.04ni 

(1) (J Cy^ ^JaLall <^Lui-a jl ( i_$_y (jl (_5-^ 

A = S// - Z7/z = 0.04 X 0.01 - (0.04 - 2 x 0.002)x (O.01 - 2 x 0.002) 


= 1.84x10 "m" 


m = pAZ7 = 2720x1.56x1.84x10^" = 0.78 


( a.1^ ^'-a^ J 

^JaLai] t ' (j^l 


I 


T 

0.03 m 

i 


0.005 m 


j)l5j 

ay = 250x10^ Pa 
P=7860 Kg/m ^ 

/ = 1.125xlO’V 

^max =72.8x10Va (<(a,, =250x10Va)) 
m = 1.84.K'^ 

i (jjj i JI (^).a (_Jajl 


lal : j I 


i. 


u 2.7x10 


-9 


a-^ uols ^ I j] ^ 

UJ^ Cu*».; IajIj 
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t=0.002 m 


/ = 8.7xl0^^m" 
max =7.8x10'Pa (<(a^ 
m = 3Kg 


270x1 O'Pa)) 



R=0.025 m 

ay = 270x10^ Pa 
P=7960 Kg/m 3 

; (J.t '' 2xj 


■ lJ jtiij (jjj t(_>^U'^j ‘ <iiS 

t=0.002 m 




0.04 m 


0.01 m 


^3;U0j| 

ay =100x10^Pa 
P=2720 Kg/m 3 


^^ ‘ ^ dl^ jj ^ !)liLis i j ^^ ^ L)^ ‘ ^' 

jjSd :U:iS cLfrWld (p = 2100Kg/m^) j (l = 0.00025m) 


m = 2c?Z7p=2x0.31x 0.00025 x 2700 = 0.65Kg 
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l-ljl (IjlialA ' ^^ j j , ^Ll^l C5^ J 

( (J_jjLa ^jjj-all (j*" J (N=15) cs"^ ‘ lOcm lJ^ 

(p = TimKg / = 0.00IaAz) ^Jji-a]l <aaL-a ^ ^illLa 


m = Nx^-^^^ 
2 


?p 


0.04ni (j^J •‘LJajUJI lie. Lil^jl (_5'^'j) liLa^uj 

', jLujj 4jj^l (jij 

m = 15 X Q-Q^^Q-^^ x 0.00 lx 2700 = 0.25Kg 
2 


lJ 5 UJI aiiS ijl j( 0 . 78 i^^) ^jLxJI aiiS 4^1 ^1 41^ 

—J lAjlijj SJ^J ^LaJlIj ^JjS IjI j (0.257 l^) ^5LjaS/l ^liS ljl j (0.65A^^) 

{yKg) ajjUal] <1 j^Ij ^jILj ol^ (_5 jLuoJ ‘(O.IA^) 


Jjil) hL 7.3 

LiiiiuSI (jj) ^Li^l (_5lc- 1 0-1 i lAjlij a_5^ 

LiA ^^JA Ij 'i/ LaIjC. (Jj‘ ' g.' ‘'‘'' (. 5 ^^ Cy^ 4 um'iII slA (jl 

^i]| ^ ‘ / ‘"^i (jij (.Ajiji^l ajill sjlls (_Jjill (jl 

(jij IaI I* nl L>*4ij ^ 


M 


max 


Wb Wb 

_KmLq ^ht 

4 ■ 40 


(jjoij (j-91 >>>jl ( O.Klm (jlSj 6 l 1*^ ^ fll Iuu^J ( 

^^' (jl ^jJailuii (“3*^^ (j^l . 0.17ni isj^ ( ^4^1 ji^ Jjla) Cfjj 

(^CLoA^ua ^ *^3 1 ^ 


c 


My 


max, HT 


I 


t I 


Cht 


Wb^^ 1 /_ 31^V 1 

40 2 20 c^j t^ 

jA (1.5 (jl-a'7l cJ-«l*-^ 3^IC. iaj.iij 


PDF created with FinePrint pdfFactory trial version http://www.fineprint.com 
























^ max < ^ y 

?>Wb„j 1 

=>- 

20 Cfjj 


t > 


IW V J_ 

20 Cfjj G y 


j Gy =100x10 Pa <1 jj (j>j ^j±lA^\ ^LLk^ (^)-9 A£. !)liLa Ijj^ dl^jj _j] (jjj 

Jaj2i]l t 4.a-iL^ (j& da-ij (jjj ( p = 2700Kg / 


t > 


3x70 0.87 1 

I_X_^_ 

20 0.17 100x10® 


=> t > 7.33x10 

(jjj jLuij (Jjill <3 jS ( '^f = 0.00Iw 'g^lj.1 ^j ^ !iliLa 

m = p ? V = 2700 X 0.001 X 0.87 X 0.17 = OAKg 


Jjill 3aL 7.4 

aA jjLsj A^LAui jdLuj ( <ajjtda 

l_g\ i !)l!La ' g i.n ^-^.^l.,ll ^ ‘ ^ LLaddal ^ !)l!La ( <jiiad 

p = 2700Kg I m^ j t = 0.001m 

! (_5jLujj <1 j^I (jjj (j-9 j^l (jjSluaa 

m = p x5,,j. X? 

^jLuoj aJj^I (jjj . 0.057ni dijlSj 6 lJ-^^ Ia' i um^j <^Lui.a Syj 

m = 2700X 0.057 x 0.001 = 0.15 Kg 


5 jjUall <UL 7.5 

iuJI (J-ud (3^ l) ''^f" '“'J s5LiJI (j>j (j^jSju o^Uall (jdj <d 

Clll jLIa'^lj ( !-■' » 1 >1 iVI ^ ■VI jjc. lA^)±ixiuj j ^Ld&lj 

! (_Jdii]l ((j-^l l 5^-^ (.5^ ^UasLadl (jC. <1 
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! o^Uall (jdJ (J jla 0 


S^LII 

Jj2xJ I v^Jic 


S^LlI 

A ^li^JI v^Jb 




£jLilJl 3 0J3JI 00 

- I - 


(jS-ajj 
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M.„=0.6Z.„„^ = 0.6x2W'x^ 


a^Uall (J I 


5 yUall (.j&lfr 

(jc. _j]l (J^ o^Uall I— a!)lfr ojlfrj ^‘ 

■ ( 1 ) cJL>^J ‘ I {*_i^ L>^ Aiill 


I='kRU 

Jmax = ^ 

M y 

^ _ maxmax 


! jii ^Lilj'^l QA diill t (4) ^jLx-a 

Qi3WlR 0.3WI 


izR^t TzR^t 


', (jjj iL_a!)LiJI ojLa] (J ^ (Jal (j^jSj (jl 


. (J i^jA (jus'll Ja^)^ _jA I^AJ 

R t(a^LIal] “LajlLall (Jjlii]) R (Jsl jLil^l (J-v u .i 

t( 0.03175ni l 54 LaS ^j) ^>Ia3 ^ a. ^ 1 l*.lla 

. 0.05cm ij jLujj R Jl^\ 

J P = '2n'2X)Kg / TYl^ ^ 4)^ ^iLk^ 0 . 1 c. lj.l^j LijI (j.<a^)ij] 

: jjj t a ^, = 100x10^ 

0.3x70x1 
71x0.05" X 100 xlO'’ 

=>t> 2.6xl0^^m 

!'‘‘QA (j^jSlijja 0.0005m 'lj. 1 ^J ^ (jjj 
m = 271: R 7 / p = 27C X 0.05 X 0.0005 x 1 x 2720 = QA3Kg 


03WI 

%R^t 


<a 


t> 


03WI 


7C R a 


PDF created with FinePrint pdfFactory trial version http://www.fineprint.com 















/ = 

y max 


S jjUall ^ fLuafri 

^Lill !->'».>» iVI (_i-4^ (jc. a.!^^1 ^^Lja&l ^i"i»'i ajl& 

(jl (1) Jj.i^l (_gjj t^Lilj'^l ^jc (j-a 

NR^A^. 


2 

= /? 


! ^^ ‘ » . >iiVI jl^^l (4) ^jLx-a (j-a (jjj 

_ 2x03Wxl _ 0.6Wxl 
NRA^^, ~ NRA, ~ NRA, 


0.05m cJJa UUiLl R 

djlic-LkJa-tt 8 (3^ ^ U' 8 Ia.^^Ij-uj^ ^Ljac-I N 

(^i jj^' JjL-J Jl^ 4—31 

^ a ^_^ic. (jl t _ lil 5 <jj5j3I f.\jJaC.\ a Ac. 

u^j ‘t5^Wj' jW^' 


a <a 

max c 


ij^ lU (6) ^jl»-a (j>j 4i^^l ^cr J 


o.ewxi 

NRA. 


-<KE 


hj 

\^J 


J tClimi3l <aj^)ia (_53& (J^lx-a K i^_jaj3l jjSaC. b jjJaC. i.4^tM t 

(jl (Jjl.1^1 ^ io^)^ <^Ij3I j L_a!4jiJlj <!m-a 4ilj*’“' 

‘'' ^Lja&lJ L_a34jii3 ^JaLall , 0.385 3^^)^ l 5<3l.iJI s.1^ K 



aIjLuJI aJjIxa]! ^Vl 
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-<- E— 

SRbt 1.5 


b<3A 


REt 

Wl 


li] i (jl L>^ ' ‘lJJ‘^. ic. jA liA 

UJ^ u' 4^ 


^max 

o.ewxi 

=>- <(^y 

SRbt ^ 


b > 


0.07 5Wx I 
R ?a„ 


1 Ix^a 


O.OlSWxl , 3.4REt^ 

<b< 


R to, 


Wl 


Aj_j5j]| (.[jJaC.^ ^^ VK\I (jl J R J ^jjlLa <jliaLa (jl ‘ b 

, Al^^La 

E = 70X lO^Rfl a1 ^ jj (j-a ^ljj.l] dljSjJ Ajl (j^l 

! jA ^Isa^I liLtijoj G = 95 X10^ Pu j p = 27 lOA^ / j 

t = 0.001m, 0.0005m, 

t = 0.001m <. i La.t.j.il] 

0.075x70x1 , 3.4x0.005x70x10*'X 0.001^ 

<b< —- 


0.005x0.001x95x10' 


70x1 


^ 0.01 </?< 0.017 

t 1 _1 ( 0.015ni (jSj]j ( Ja(3^^ _j 

m=p77Z7?/ = 2710x8x0.015x0.001xl = 0.3252/r^ 

: t = 0.001m ciWJ] cji\ ^ 

^ 0.022 <Z7< 2.125x10'^ 

0.32527^^ ^ 0.015m 
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LjajI ta^LIa]l (j^ (_JS^ (.5^ ^UaSLa^l j 
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di 0.05m aIajoi jUal jjjj Idl J idIjUal 7 liaj]^ jjj 15cm 0.001m 
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tlAAic JMjJ (j^ (. 5 ^^ ^?-»Vi\l _jA (aJj^I jO eg 

4^LiiLa]| ^1 tu-N^ I Lai , (^LaLa ) <L.d!lLa ^ jL^I !)LLa 

! (_J£Lal] jl.^1 !iLLa i ^1 tM^ A^ jL^I 
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: jA 
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^c,,l^l+^cg,2^2+^c,,3^3 


Tyi+Ty 2+^3 
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' ^^LLa , L«a 1 ..j ^1 ^ 11 ^l3 
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a^Lla]l ^jJaj j^a^l j a^Ual] 4^jL^I 'I tu^ 2xJ (_5-^l ‘ ‘ ■"!' 
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(Jjjilj ^j 


(j>j til^)^IL4]l ^1^1 j cJjjllj ^Lj^l (_J^ IjI jj jljij (jl 

^_^ic. (jl a^Uall (j-a IjjJ _j] t<Liii-a]l dlljLliJI (j>j lilliA j (Jjjll 

(jl t _ ^_)l j-a (_^ J ^iaj ^ ^_)l j-a) J <iLijl 
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ajljj (JiLa i"'' jjj (_^Ij ^ t(J(jc. jjl <-_l^ ujj 

■ u' JrJ^' t>j 


PDF created with FinePrint pdfFactory trial version http://www.fineprint.com 









L>^J 'J•"‘'" l) (ly^^J J J (. 5 -fr^^ 

4 _JjL^j]I (J-uiaa H-JjL^Iilljj i (JjA^lilil jl “LujI jdJ ^ (_Jj..l*j]l J t (Jj-laJ (_^j 

^jiaiijol y J , (_JS ,2xJ (_^ic. (J.iij IjLa L_a^)*j (jl j»^-a]l j)^ i I' 

(jl (_^-iAjl I jA 4£.I u^ L>^ ■ (_JSLul<a]l La L_a^)&l (jl (_J^ (J^Lr.1 jj| 


. J ^"’11 jJjiaJ ^ Aj jL^ 0jlLj (_^jjia*J 

^1^1 t" J ^1^1 t!l^)i-a (jC. <iLiaLluj'^l (j-a ^j'^l 4 _JjL^j]I ^ ^ 
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i(!(j^lj (_jj) j.^ (jjS^ li* 
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t (Corke , “Design of aircraft” ja j) t^L«Jijl - 1 
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(g„ J) cty ^jUaA]l jI^Ij L^liiSj t ( 
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. dll^Ua]! ajlfr (_)a»Li.j.la]I (JA (_Jajl 
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4a 9 >*]| j til *'1 

.lie 66KW ^jl tMj I ajLijjj Ljj^ ^jJ ^1 

dijSj t (Nissan 66KW @ 5200rpm iJ) ^ 5200 U JjiLj u'jj'^ 

. 120Kg 

^.21 j ^\l 1,1^ j_y^ 'J •“ ‘ IjjlS-alj (_Ja i_S^ 
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V P J 
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1.225 l5jLuojj ^liiS p 
( ljS^)A-4] f'' Vl.,l/^ ^I.lidjj| ^.IC (. 5 ^) C 5 ^ J dili] J.i& n 
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Roskam; airplane aerodynamics & “ ^ C t 3 ^ J j^\) 

(’’performance 

Cj. Um^ I 4 < 1 jIL 2 I Cj. / Cp . 1 ^jj (Jjl-laJI (j- 9 J C^ 1 jdiC. jljiJ — 2 
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TVPICAL 3-BLAUED PROPELLER 
Cp ACTIVII y FACTOR = 100 

BLARE DESIGN C^ =0.5 
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Fig. 13.9 Forward flight thrust and efficiency, (after Ref. 50) 
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